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ABSTRACT 
The mechanism of attachment of bacteria to work surfaces is of prime 
importance to meat industry hygiene. In this thesis a statistical 
sampling regime was, established to determine the normal microbial flora 
associated with stainless steel and plastic butchering surfaces. The 
most frequently occurring organisms were Acinetobacter, Alcaligenes, 
Branhamella, Micrococcus, Neisseria, Pseudomonas and Staphylococcus. 
Scanning electron microscopy used to evaluate the formation of biofilms 
showed both adhesion and entrapment factors to be involved in the 
accumulation of bacteria at a surface. 'Captive bubble' contact 
angles, hydrophobic interaction chromatography values and 
electrophoretic mobilities of five bacterial isolates and a range of 
substratum materials were obtained in order to determine the 
relationship between physicochemical characteristics of. the contact 
surface and the numbers and types of bacteria isolated. These were 
evaluated both before and after treatment with solutions extracted, from 
fresh raw meat. All the test strains were negatively charged and 
hydrophobic in nature. The. stainless steel which was initially 
hydrophilic remained unchanged after treatment, where as the 
hydrophobic plastics were rendered hydrophilic. The meat-liquors 
lowered the,, negative surface charge of the stainless steel but had 
little effect on the plastics. Adhesion capacities of the isolates to 
different substrata were assessed using the bioluminescence assay of 
adenosine triphosphate. Attachment occurred to both hydrophilic and 
hydrophobic surfaces, although the extent and mode of adsorption were 
peculiar to the organism and the surface material involved. The rate 
and final levels of attachment were dependent upon the net surface 
charge and surface roughness respectively. To determine the 
probability of bacterial transfer during processing the strength of 
cellular adhesion at different substrata was evaluated. Examination of 
the forces of attachment and detachment using the 'Radial Flow Growth 
Chamber' has revealed the forces of primary attraction to be weaker 
than those of secondary stabilization. 
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CHAPTER 1 
INTRODUCTION 
1.1 NEAT PROCESSING AND CONTAMINATION 
Changes in eating patterns, coupled with. technological developments in 
food processing and preservation, have given consumers a much greater 
choice over the foods they can buy. Consequently meat eaters have 
become more selective, more critical and conscious of quality, 
particularly freshness (Nottingham, 1982). At the same time, meat may 
spend many months in storage and distribution before competing with the 
local fresh produce. In order to, compete successfully the meat 
industry must keep the level of contamination to a minimum; especially 
since fresh meat being high in moisture and rich in nitrogenous 
materials presents an ideal environment for the growth of many 
micro-organisms (Frazier and Westhoff, 1978; Nottingham, 1982), and 
excessive contamination can thus lead to the production of sub-standard 
products often unfit for sale. Worse still,, they may cause cases of 
food poisoning among consumers (Ayres et al., 1980; Edelmeyer, 1984). 
In the normal healthy animal most of the tissues which ultimately 
become meat products, including muscle, fat and various edible organs 
like heart, liver, kidney and brain, are sterile (Hasegawa et al., 
1970; Gill, 1982). During slaughter and the various stages of 
processing (Figure 1.1) these edible tissues are subject to 
contamination from a variety of sources within and outside the animal 
(Ayres, 1955; Ayres et al., 1980). 
Micro-organisms which abound on the hides and skins are an important 
source of contamination and are first transferred to the underlying 
tissues in the initial stages of skinning, being most numerous just 
below the incision; counts of 105 to 107 aerobic bacteria cm -2 are 
common place (Empey and Scott, 1939). Various procedures have been 
advocated for reducing the microbial load of the animal carcasses at 
this stage. These included water sprays (Notermans et al., 1980) 
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which tend to remove only about half the initial load, while chlorine 
solutions (Emsmiler -Rose,. and Kotula, 1984) or hot water washes can 
often produce a bacterial kill range of 82 - 95% (Kotula et al., 1974; 
Emswiler et al., 1976). Pig carcasses are usually scalded soon after 
'sticking' and if this process is carried out by immersion in a tank, 
as is commonly the case, there is an opportunity for bacteria to enter 
the body through the 'stick wound'. The scald tank water is usually 
maintained at a temperature of 65°C, which is adequate for reducing the 
number of psychrophilic bacteria, but not for many of the mesophilic, 
thermophilic or spore-forming organisms. Due to the fact that soil, 
faecal material and other foreign matter on the animal may remain in 
the water, 106 organisms ml-1 are frequently present after the first 
few carcasses traverse the tank (Ayres, 1955; Humphrey et al., 1984). 
While bacteria in the water film may still be easily removed, with time 
these bacteria adhere to the carcass and become increasingly difficult 
to displace (Notermans et al., 1980; Firstenberg-Eden, 1981). In 
addition, the hands, arms and clothing of workers transfer contaminants 
to the carcass-in the presence of moisture, blood and-tissues. 
After the animal has been skinnned, eviscerated and washed, the carcass 
is held at least overnight in chillers_ operating at near zero 
temperatures (Smith, 1985) to firm the flesh and retard chemical and 
microbial changes (Frazier and Westhoff, 1978; Nottingham, 1982; Smith, 
1985); only a few organisms will find this substratum and temperature 
favourable for growth. The temperature in the chiller is kept as low 
as possible to quickly and adequately cool the thickest part of the 
carcass. In addition, a relative humidity of about 90% is maintained 
to prevent excessive shrinkage. 
Once chilled the carcasses are cut and processed on the conveyor belt 
system. Although growth on the surface of whole quartered animals is 
limited, due to excessive layers of fat and connective tissue providing 
a poor supply of nutrients (Haines, 1933), any breakage of that intact 
surface will introduce microbial flora into the deeper, sterile, 
nutrient-rich layers; material heavily populated by micro-organisms 
adhering to the cutting utensils, tables and conveyor belts will 
mechanically inoculate the newly exposed flesh. The more finely the 
meat is cut, the more widely the microflora will be dispersed. 
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1.2 SPOILAGE OF RAW MEATS. 
Meat spoilage is any organoleptic (tactile, visual, olfactory, or 
flavour) change that the consumer considers to be an unacceptable 
deviation from the normal state. It can be either microbial or 
mechanical in origin, but is generally a surface phenomenon (Dainty 
et al., 1975; Gill, 1982). 
Meat is normally stored under chill conditions to extend its shelf-life 
by preventing the growth of food poisoning and spoilage 'organisms 
(Smith, 1985). Even so spoilage will eventually occur at this 
temperature by psychrotrophic organisms (Jay, 1972; Patterson and 
Gibbs, 1978). Although the onset of spoilage is dominated by the 
number of psychrotrophs present, the type of spoilage occurring is 
influenced by the particular nature of these organisms. For example, 
competition between the different kinds of bacteria, yeasts and moulds 
determines which" species will out grow the others and cause its 
characteristic type of spoilage; dependent upon the physical and 
chemical properties of the meat, the availability of oxygen and the 
storage temperature (Frazier and' Westhoff, 1978; Nottingham, 1982; 
Dainty et al., 1983). If conditions are favourable for all, the 
bacteria usually grow faster than the yeasts and the yeasts faster than 
the moulds. 
In the case of the bacteria the genera Pseudomonas, Micrococcus, 
Brochothrix, Corynebacterium, Moraxella, Acinetobacter, Flavobacterium, 
and Enterobacter are regularly found on meats at the beginning of the 
storage period; the predominant genera being Pseudomonas and 
micrococcus (Ayres, 1960a, b; Dainty et al., 1983). The composition of 
this initial flora is influenced by the source of most of the 
contamination, which could be in different instances soil from the 
hide, faecal material or surfaces which have been in contact with the 
meat. No wonder reports on the incidence of different genera on fresh 
meat vary widely (Gardner et al., 1967; Stringer et al., 1969; 
Blickstad et al., 1981; Dainty et al., 1983). During storage the 
initial flora changes. Maximal cell densities of aerobic species are 
determined by the rate at which oxygen is available and changes in pH 
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of the meats greatly affect the types of organisms present. For 
example, the growth of Acinetobacter is reduced at pH 5.7 whereas for 
Pseudomonas and Micrococcus it is maximal between pH 5.5 - 7.0 (Gill 
? ýO v 
and Newton, 1977). Pseudomonas having a short generation time and 
being relatively insensitive to the presence of other species on the 
meat surface dominates the aerobic spoilage flora (Ayres, 1960b; 
Gardner, 1965). 
In general, beef can be retained at chill temperatures (-1.0 to + 5°C) 
without spoilage for approximately 30 days depending, as mentioned, on 
the initial number of microbes present, the exact temperature and the 
relative humidity. Pork because of its high content of B-vitamins 
spoils more rapidly; within a 1-2 week period. However,. there appears 
to be very little difference between the spoilage flora of these two 
types of meat. - In both cases the predominant flora (96%) is usually 
Pseudomonas, Acinetobacter and Moraxella (Gardner et al., 1967; Dainty 
et al., 1983). For cured bacon moulds -are the chief spoilage 
organisms, although Streptococcus faecalis is often present due to its 
high salt tolerance and ability to grow at low temperatures. 
1.3 CONTROL OF PRODUCT CONTAMINATION 
Reducing the actual incidence of spoilage and meat-borne disease 
requires a knowledge of the sources of the organisms and the meats 
involved. The spread of pathogenic organisms can be controlled by 
ensuring good environmental sanitation (Edelmeyer, 1984), which 
includes the use of high quality washing and cooling water, exercising 
meticulous personnel hygiene, recognising the sources of potential 
infecting agents and specifically by preventing contamination of the 
meat under preparation. 
Although, it is well known (Thomas and McMeekin, 1981a) that organisms 
can transfer, for example to skins of chickens during chill immersion, 
very little work to date has been done on the effects of work-surface 
contamination. During processing the organisms are transferred onto 
the equipment surfaces coming into contact with the meats (Zoltai 
et al., 1981; Schwach and Zottola, 1982) and these in turn act as new 
sources of contamination for products processed subsequently (Notermans 
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and Kampelmacher, 1974; Thomas and McMeekin, 1980,1981a, b), thereby 
increasing the products initial bacterial load. This load prior to 
packaging will determine the eventual shelf-life of the meat; when the 
initial load exceeds 105 organisms cm -2 on meat stored at 50C spoilage 
occurs rapidly and sliminess can be detected within 6 days, but when 
the microbial load is less than 102 organisms cm2 neither spoilage nor 
slime-formation occurs until the 12th day of storage (Aryes et al., 
1980). 
Current methods employed for reducing the bacterial load, for example 
water jetting, often damage the meat surfaces rendering them 'unfit for 
sale. In addition the presence of excessive water interferes with the 
chilling process and favours microbial spoilage and the spread of 
spoilage organisms, especially motile species (Frazier and Westhoff, 
1978). Consequently, greater attention needs to be paid to reducing 
the contamination levels of the equipment and working surfaces. 
Santitation and cleansing techniques currently in use go some way 
towards achieving this, but '100% efficiency' is rarely possible as a 
result of heavy soiling, application of inadequate techniques or use of 
poor quality detergents (Gilbert, 1970). 
In contrast to the elimination of established biofilms, a more 
effective means of minimizing product contamination'would be to prevent 
the formation of such films in the first place. The present study was 
undertaken to explore the underlying mechanisms of biofilm formation, 
with particular emphasis on the processes of cellular attachment and 
detachment. If bacterial adhesion was thoroughly understood, greater 
control over organism transfer and product contamination could be 
achieved, thus production could be safer, factories could be protected 
from complaints or returned goods, and consumers could be spared from 
spoilt food and from illness due to the consumption of suspect meat 
products. 
1.4 MICROBIAL ADHESION 
Microbial adhesion and its control has already been the subject of a 
large number of scientific and technical publications. Zobell's 
pioneering work in the early 1940's launched widespread investigations 
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into microbial adhesion in aquatic systems. Thus until recently, the 
majority of information on attachment has been researched by marine 
microbiologists; mainly concerned with life histories of individual 
species, with effects of the environment, or with the influence of 
leachable toxicants from the substrata (Corpe, 1970a; Marshall, 1976; 
Bright and Fletcher, ' 1983). Subsequently it has been widely recognised 
that adherence must be an important ecological determinant in, the 
colonization of specific sites in plants and animals (Ofek and Beachy, 
1980; Harber et al., 1983; Hinson et al., 1987), and this field of 
study has rapidly expanded to include terrestrial habitats, the bovine 
rumen and dental plaque (Skjorland et al., 1982; Pankhurst et al., 
1988). 
In the mid 1970's food microbiologist became interested in bacterial 
attachment to animal tissues (Notermans and Kampelmacher, 1974; 
McMeekin and Thomas, 1978; Notermans et al., 1980), and since, have 
determined that the basic principles of the, previously explored 
adhesion mechanisms of aquatic bacteria are also applicable to the 
attachment of bacteria to meat and other solid surfaces (Notermans and 
Kampelmacher, 1975 b; Butler et al., 1979; Notermans and Kampelmacher, 
1983). 
Although, it is not yet certain what exact advantages the state of 
attachment can offer, experimental evidence has suggested that the 
ability to adhere to solids may provide an essential survival mechanism 
(Ridgway et al., 1984) in that it enables the microbes to benefit from 
enriched nutrient levels at solid-liquid interfaces, especially in 
marine/aquatic environments, where nutrient levels adequate for 
microbial growth are believed to occur only at the interfaces (Zobell, 
1943; Marshall, 1976). This in turn enables conservation of energy 
because the microbe does not have to expend energy moving through a 
nutrient gradient. Alternatively, attachment may ensure that the _ 
microbe is not eliminated from its particular habitat (Pringle and 
Fletcher, 1982), -as well as in some cases aiding rapid cell division 
(Pethica, 1980), growth and colonization (Characklis, 1978). -It has 
also been suggested that the state of attachment provides protection 
against toxic compounds (Ridgway and Olson, 1982). 
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1.4.1 Fundamental Aspects of Adhesion 
Attachment can be divided into three stages (Fletcher et al., 1980). 
Firstly, the bacterium encounters a surface and comes close enough for 
attachment to occur. Secondly, the bacterial outer surface adheres to 
the substratum and finally cell growth and division occur resulting in 
colonization of the substratum. These three different stages of 
attachment are thought to involve two distinct phases. The model 
suggested by Marshall et al., (1971) is that bacteria are rapidly 
attracted to a surface and are held there weakly., They found this step 
to be dependent upon the electrolyte concentration and suggested that 
this sorption was associated with the attractive energies of the London 
Van der Waal's and the electrical repulsive energies resulting from the 
overlapping ionic atmospheres around the surfaces. The reversible 
sorption phase was thought to be followed by a time-dependant, 
irreversible phase. This second phase is often ascribed to synthesis 
by the cells of extracellular polymeric glues (Fletcher and Floodgate, 
1973; Costerton et al., 1978,1981), although such synthesis may not 
always be necessary (Fletcher, 1980a). 
In most environments there are both attached and free-living bacterial 
populations, thus neither community is entirely predominant. Whether 
an individual bacterium becomes attached is dependent on, four main 
factors: the bacterial structure and physiology, the physicochemical 
interactions between the substratum and the bacteria, " and the 
environmental factors which may affect all the other components of the 
system. 
(a) The bacterial structure and physiological activity 
Previous workers (Notermans and Kampelmacher, 1974; Fletcher, 
1977; Zoltai et al., 1981; Duddridge et al., _1982; Krovacek 
et-al., 1987) have shown that an increase in culture 
concentration and time allowed for attachment leads 
respectively to an increase in rate and total numbers 
attaching; primarily due to an increased collision 
probability factor. These observations demonstrate the 
colloidal behaviour of the bacteria since they correlate well 
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with theories describing the adsorption of surfactant 
molecules frone solution onto a surface (Shaw, 1980). 
However, because bacteria 'are capable of growth, metabolism 
and independent movement, they cannot be considered as inert 
colloids, and their physiological activity must influence 
their adhesion capacity. ' 
Attachment has been shown to be dependent upon the growth 
conditions of the cells, for example upon the medium 
components (Marshall et al., 1971; McEldowney and Fletcher, 
1986), upon limiting nutrients (Brown et al., 1977), or upon 
the dilution rate in continous culture (Ellwood et al., 1974) 
and growth phase in batch culture (Zobell, 1943; Fletcher, 
1977). Bacteria in the logarithmic phase of"growth show the 
greatest ability to adsorb to surfaces, whereas those in the 
death phase show the least (Marshall et al., 1971; Fletcher, - 
1976; Stanley, 1983; Harber et al., 1983). It is thought 
that changes with age in the quantity and/or quality of cell 
surface polymer(s) and surface charge accounts for these 
differences. - In support of these results, Corpe (1970a) has 
demonstrated that only viable cells attach, indicating that 
some sort of metabolic activity may be necessary for the 
bacterium to come into intimate contact with the substratum. 
Alternatively, this activity may be necessary for the 
synthesis of specific adhesive material that either enable 
bridging between the two contacting surfaces or enable 
favourable modification of surface properties; the importance 
of surface properties has received much attention (Baier, 
1970; Grinnell, 1978; `Baier et al., 1984). 
Although no relationship has been found between the Gram 
reaction and the ability of the bacterium to adhere, the cell 
shape (Marshall et al., 1971) and cell wall integrity 
(Meadows, 1971) are thought to play a minor role. Bacteria 
pretreated with heat (Takakuwa et al., 1979; Krovacek et al., 
1987) or formalin (Meadows, 1971; Fletcher, 1980b) where the 
macromolecular : structure of the cell wall was altered, 
adsorbed to solid surfaces in relatively low numbers. In 
r 
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contrast, bacteria killed by ultra-violet irradiation, with 
no damage to the cell wall occurring, showed similar 
attachment patterns to viable untreated cells '(Meadows, 
1971). However, the situation is more complex than this 
would suggest since Orstavik (1977) found that neither heat 
treatment nor ultra-violet irradiation prevented the 
attachment of streptococci to glass. 
(b) Physicochemical interactions between the substrata and the 
microbial cell 
A major requirement for adhesion of a bacterium to a 
substratum is an intimate contact of some portion of the 
bacterial surface with the substratum. The amount of contact 
and strength of adhesion may depend in part upon the 
structure and composition of the bacterial surface (Corpe, 
1970a). Surface irregularities of the° substratum might 
increase the opportunity for contact, but its physical and 
chemical- character is" perhaps the most important in 
determining which organisms will be involved and how firm the 
attachment becomes -(Jandlova and 'Bubenik, 1983). The 
physicochemical properties, surface charge and surface free 
energy, have both been implicated as influencing'the adhesion 
mechanism. I 
In most cases investigated, both the bacteria and the 
corresponding substrata are negatively charged (Loder and 
Liss,, 1985). Negatively charged bacteria can adsorb (via 
polymers) onto negatively charged solid surfaces without 
necessarily invoking any specific biological mechanisms 
(Robb, 1984). However, rates of adsorption may be reduced 
considerably by mutual electrostatic forces of repulsion. 
These forces as discussed in detail later (Section 1.4.5), 
are related to the surface potential and decrease as the 
distance between the two surfaces is increased. In order for 
the cell to be close enough to the surface for attachment to 
occur these interactive repulsion forces must be overcome 
(Gerson and Zajic, '1979). A number of possible mechanisms by 
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which the organisms remove or significantly 'reduce the 
magnitude of the repulsion barrier are suggested. Firstly, 
bacteria with low surface charge densities give rise to low 
repulsive energies (Corpe, 1970a; Neihof and Loeb, 1972). 
These low forces can therefore be overcome more readily, 
leading to a greater number of collisions resulting in 
successful adhesion. Secondly, the bacteria may produce 
extracellular material capable of neutralizing or masking the 
substratum negative charge (Tenney and Stumm, 1965), thereby 
reducing the magnitude of the repulsion barrier. Thirdly, 
some bacteria possess special structure ' (for ' example, 
fimbriae or flagella) and these as a result of their charge 
distribution, shape and size (Nir, 1977) may be able to 
penetrate the energy barrier more efficiently (Brinton, 
1954). For example, the fibrils of' oral streptococci 
facilitate the bacteria's close contact to epithelial 
surfaces by reducing the overall electrostatic repulsion 
(Pethica, 1961,1980). Fourthly, motility is thought to 
contribute to attachment despite a potential barrier 
(Pethica, ` 1980). " However, calculations show that rapid 
motility does not provide sufficient energy for a bacterium 
to cross electrostatic repulsion barriers unless the 
potentials are rather low (Marshall, 1976). These 
suggestions and others (Heckels et al., 1976; ' Hermansson 
et al., 1982; van Loosdrecht et al., 1987b) all tend to 
highlight the fundamental importance of surface charge 
densities of both the bacterial surface and the potential 
substratum in the mechanisms of adhesion. 
Substratum surface energy has also been found to affect the 
number of bacteria which become attached (Dexter et al., 
1975; Fletcher and Loeb, 1979; Gerson and Scheer, 1980). 
From the thermodynamic model for the adhesion of small 
particles from a suspension to a solid substratum (Absolom 
et al., 1983; Busscher et al., 1984) it follows that the 
extent of adhesion is determined by the surface properties of 
all three phases involved, that is the bacteria, the 
substrata and the suspending liquid. Very good linear 
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relationships between the number of bacteria adhering and 
surface free energy has been obtained by Absolom et al., 
(1983). They found increasing as well as decreasing numbers 
with increased substratum surface free energy, depending on 
whether the surface tension of the 'suspension liquid was 
lower or higher than the surface free energy of the particles 
under study. Van Pelt et al., (1985) did not ' find any 
relationship between the number of adhering bacteria and 
substratum surface free energy after two hour adhesion 
experiments. -Pringle and Fletcher (1982) found that selected 
isolates of fresh-water bacteria attached in maximum number 
to a surface with a characteristic surface free energy during 
two hour adhesion assays. In addition the presence of 
dissolved substances in the medium appear of great 
importance since they may adsorb onto the potential 
substratum and modify its physicochemical properties (Baier 
et al., 1968; Neihof and Loeb, 1972). 
(c) Environmental Factors 
In addition to substratum characteristics the environmental 
conditions surrounding the attachment substrata and particles 
also appear important. Temperature, pH, Eh, specific ions, 
ionic strength, availability of nutrients and surface active 
materials are all known to affect growth and viability of 
organisms (Corpe, 1970a; Fletcher, 1984; Humphries et al., 
1987). Inevitably these environmental factors will influence 
the rate of adsorption and probably the strength of the 
adhesive bond. The attachment of-bacteria to surfaces also 
appears to depend on the chemical species -present in the 
medium, which either compete for adsorption sites (Robb, 
1984) or alter the adsorption free energy of the system 
(Baier et al., 1968; Dexter et al., 1975). The influence of 
the chemical species adsorbed onto the potential attachment 
surfaces has been reported either to reduce (Meadow, 1971; 
Maroudas, 1975; Fletcher, 1976; Fletcher and Loeb, 1979; 
Fletcher and Marshall, 1982) or promote (Meadow, 1971; 
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Fletcher, 1976,1983) bacterial attachment depending on the 
nature of the material. involved (Marshall, 1976; Pethica, 
1980; Speers and Gilmour, 1985; Humphries et al., 1987). 
Inorganic ions have frequently been found to influence 
attachment of bacteria to inert surfaces (Stanley and Rose, 
1967; Marshall et al., 1971; Fletcher and Floodgate, 1976; 
Orstavik, 1977; Stanley, 1983); Marshal et al., (1971) found 
that reversible attachment increased as the electrolyte 
concentration was raised to about 10-1 Molar, whereas Stanley, 
(1983) found that above 10-2 Molar a decrease in attachment 
was observed. It is possible that at low ionic strength the, 
primary effect may have been electrostatic forces and at high 
electrolyte concentration the outer cell layers (Fletcher and 
Floodgate, 1976) may have been altered, decreasing the 
organisms' ability to attach irreversibly (Stanley, 1983). 
Divalent cations, such as calcium and magnesium, have for 
some time been recognised as playing an important role in 
adhesion (Weiss, 1968; Marshall et al., 1971; Fletcher, 
1980b). It has been suggested that divalent cations, 
especially, calcium, can form bridges between negatively 
charged substrata and micro-organisms (Curtis, 1973), 
stabilize the structure of extracellular polymers (Fletcher 
and Floodgate, 1973) or cause precipitation of extracellular 
polymers in the space between the cell and the substratum 
(Rutter, 1980). In addition, it is thought (Marshall et al., 
1971; Grinnell, 1978; Shaw, 1980) that presence of cations 
can reduce the thickness of the electrical double-layer, 
thereby lowering repulsive energies and allowing short range 
attractive forces to bind the surfaces together. . It must be 
noted that it is often difficult to interpret data from 
studies which experimentally alter cation concentrations, 
since certain cations (Na+, Cat+, Mgt+) enter into specific 
physiological activities so that the bacterial population 
will remain stable only within a certain range of cationic 
concentrations (Fletcher  1980a, b). 
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It is probable that environmental temperature has an 
important effect on attachment; firstly because it influences 
the physiology of the organism and secondly, it affects the 
chemical and physical adsorption of any adhesive polymer 
produced (Stanley and Rose, 1967). ' In general, adhesion is 
favoured by lower temperatures whereas chemisorption is 
favoured by higher temperatures. ' In addition, hydrophobic 
interactions are favoured by high temperatures (Ben-Naima, 
1980) and on this basis temperature might affect attachment 
to hydrcphilic and hydrophobic surfaces differently. 
1.4.2 Mechanisms of Adhesion 
A number of different structural features aiding attachment have been 
described in the literature (Baier et al., 1968; Rosenberg et al; 1982; 
Mergenhagen et al., 1987) and can be divided into two basic types: 
specialized bacterial features and host-surface structures. 
(a) Specialized bacterial features 
These include hold-fast stalks at the proximal end of 
Caulobacter (Poindexter, 1964), extracellular polymers, for 
example dextrans and glucans, (Zobell, 1943; Corpe, 1970b), 
formation of slime layers or capsules (Corpe et al., 1976; 
Ward and Berkeley, 1980), and surface extensions, such as 
fimbriae (Rosenberg et al., 1982; Pankhurst et al., 1988), or 
flagella (Brinton, et al., 1954; Belas and Colwell, 1982; 
Hinson et al., 1987). 
Bacteria that have no obvious means of attachment are thought 
to produce extracellular polymeric adhesives (Fletcher and 
Floodgate, 1973; Fletcher, 1980b; Rutter, 1980; Rutter and 
Vincent, 1984) in the form of a continuous 'coat' around the 
cell and are not concentrated in a specific hold-fast region. 
The involvement of capsular material and slime layers in 
adhesion of bacteria has frequently been described (Marszalek 
et al., 1979; Ward and Berkeley, 1980). It has been 
suggested (Marszalek et al., 1979) that certain marine 
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bacteria which adhere to toxic substrates may be able to do 
this because they produce copious amounts of mucoid material. 
The compositions of such polymers vary considerably and are 
futhermore, strongly influenced by growth or environmental 
conditions. These polymers are usually considered to be 
carbohydrates, with acidic groups (Fletcher and Floodgate, 
1973; Corpe et al., 1976), amino groups and sometimes 
associated with proteins (Corpe et al., 1976). However, 
there is no reason to believe that identical polymers are 
synthesized in all. cases (Sutherland, 1980). 
Although extracellular polymers have often been reported as 
responsible for irreversible adhesion (Zobell, 1943; Marshall 
et al., 1971; Costerton and Geesey, 1979; Fazio et al.,, 1982; 
Uhlinger and White, 1983) this is not always the, case 
(Kjelleberg, 1984). The best example for the requirements of 
polymer production for firm attachment has been obtained with 
studies using Streptococcus mutans. Although polymer 
synthesis may not be required for the initial adsorption of 
these bacteria, the production of extracellular glucans from 
sucrose can strengthen the attachment of weakly attached 
cells (Gibbons and Van Houte, 1975). Apparently, these 
polymers must be produced while the bacteria are associated 
with the substratum, as the addition of the synthesized 
polymer to the culture of Streptococcus mutans does not 
induce attachment (Mukas& - and Slade, 1993). 
Of the definitely organized polymeric extensions from the 
bacterial surface the fimbriae appear clearly to be involved 
in adhesion (Berkeley et al., 1980; Hinson et al., 1987; 
Pankhurst et al., 1988). Fimbriated cells attach to a wide 
variety of surfaces and there is evidence that, according to 
the surface, the same type of bacterium may adhere in either 
a specific or non specific way (Ofek et al., 1977; Busscher 
and Weerkamp, 1987). For example, Escherichia cola 
fimbriae-mediated adhesion to epithelial cells can be 
specifically inhibited by mannose, whereas the same cells 
also adhere to glass in a way that is not affected by 
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mannose. Rosenberg et al., '(1982) have shown the thin 
fimbriae of Acinetobacter calcoaceticus to play a major role 
in adherence of this organism to polystyrene' and 
hydrocarbons. 
The other class of organized filamentous appendages, the 
flagella are primarily organelles of locomotion but it has 
been suggested (Meadows, 1971; De Boer et al., 1975) that 
they are also involved in attachment. An interaction could 
be maintained continuously between the bacterium and the 
solid substrata, with the flagella actually participating in 
bridging the gap between the two (Meadows, 1971). However, 
it is more likely that these organelles permit chemotactic 
responses (Young and Mitchell, 1972) to nutrient 
concentrations at solid surfaces and help organisms to remain 
in close proximity to the surface until firm attachment can 
be accomplished by'some other means, at which time flagellar 
and Brownian motion are thought to cease (Marshall et al., 
1971; Marshall, 1972). In addition, motility is thought to 
increase the probability of attachment by increasing the 
number of collisions with the substratum. For example, the 
difference in virulence between flagellate and non-flagellate 
Vibrio cholerae was attributable to an increased chance of 
motile cells coming into contact with the mucosal cell rather 
than to flagella-mediated adhesion (Guentzel and Berry, 
1975). Some bacteria, however are capable of producing 
morphologically distinct polar and lateral flagella. The 
former are produced in liquid media, but on solid media both 
types are synthesized and it is suggested that the role for 
the' latter type is in adherence to solid surfaces (de Boer 
et al., 1975). Similar results have more recently been"found 
by Belas and Colwell (1982). Although, to date, there are 
suggestions of flagella involvement in attachment and some 
supporting evidence for such a role, there is no unequivocal 
demonstration in bacteria of the general involvement of these 
structures. 
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(b) Host surface structures involved in attachment 
The nature of the host surface can also play an important 
role in adhesion; there is clear evidence that specific 
binding sites (receptors) exist in animal cell membranes. 
There are many well-documented systems in which the presence 
of specific molecules are- required for cell-cell and 
cell-substratum interactions (Bell et al., 1984). For 
example, it was shown that Streptococcus pyogenes 
lipoteichoic acid interacts with specific binding sites 
present on epithelial cell surfaces in the presence of a 
specific binding protein (Beachey and Simpson, -1980). 
Similar observations were made by Lowy et al., (1983) with 
Streptococcus sanguis. Lectins, substances produced by plant 
surface cells, are also thought to promote attachment since 
they are proteins, that carry receptor sites for which 
bacterial polysaccharides have an affinity (Dazzo, 1979, Bagg 
et al., 1982). 
1.4.3 Specificity of Adhesion 
Previous investigators have revealed that there is a considerable level 
of specificity involved in the phenomenon of attachment (Gibbons and 
Van Houte, 1975; Busseher et al., 1987; Cole et al., 1987). That is 
specificity as to the types of organisms that will adhere to a given 
substratum, and the range of effective surfaces for a given microbe. 
It is possible that cell adhesion was initially a general phenomenon 
and that subsequent evolution produced specialized adhesion recognition 
mechanisms (eingell and Vince, 1980). In natural ecosystems in which 
adhesion to inert surfaces such as plastics, metal sheets, air-water 
interfaces (Dahlback'et al., 1981) is common, adhesion is non-specific 
in contrast to biological surfaces where specific receptors and lectins 
play a major role (Ofek et al., 1977; Jones, 1984). 
The existence of recognition mechanisms suggests that specific 
attachment is most probably a function of the physical parameters and 
biological properties of the bacteria, and probably' involves 
interaction between complementary molecular configurations on the solid 
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and bacterial surface (Marshall et al., 1971; Marshall, 1972). In 
contrast, the ability to adhere to many surfaces (non-specific 
adhesion) may be solely affected by the initial properties of the solid 
(Busscher et al., 1987). Pethica (1980) suggested that specific 
adhesion was probably an outcome of detailed short-range stereochemical 
interactions involving dispersion, dipole, ionic, entropic, and 
hydrophobic forces, and that relatively non-specific contacts were 
accountable in terms of long-range forces. - In addition the role of 
hydrophobic interactions in non-specific bacterial adhesion has been 
recently recognised (Rosenberg et al., 1983b; Fattom and Shilo, 1984; 
van Loosdrecht et al., 1987 b). Moreover, several recent studies with 
pathogenic bacteria, certain of which have specific surface receptors, 
indicate that their surface -hydrophobicity may influence the 
cell-substratum interactions (Faris et al., 1981,1982; van Loosdrecht 
et al., 1987a). 
1.4.4 Theories of Adhesion 
The forces that bind a cell to a surface have been reviewed at various 
levels of mathematical complexity (Pethica, 1961,1980; Baier, 1980; 
Gingell and Vince, 1980; Rutter, 1980; Rutter and Vincent, 1980,1984). 
Despite the large number of reviews and considerable amounts of data 
current theory cannot yet explain all the natural phenomena. In general 
two basic theories have been put forward to explain the attachment of 
bacteria to solid surfaces. The first of these, the DLVO theory, of 
lyophobic colloid stability (Derjaguin and Landau, 1941; Verwey and 
Overbeck, 1948) relates to the biophysics of the system (see -Section 
1.4.5), and accounts for the stability of hydrophobic particles of 
like charge in aqueous media (Richmond, 1975). Due to practical 
limitations, as discussed forthwith, the assessment of biocontact in 
terms of the DLVO theory is complex; biological cells and 
micro-organisms are far from being 'ideal' particles since they are 
neither simple in geometry nor do they have simple, uniform molecular 
composition. In general, two possibilities are thus considered; either 
regarding the bacterial cells as spherical particles of varying radii 
of curvature, or considering the surfaces of the cells as being 
equivalent to flat plates, as illustrated by Pethica (1980). 
Subsequently, the theory has been modified to explain the adhesion of 
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biological cells and bacteria to inert surfaces (Nir, 1977; Marshall, 
1976; Gingell and Vince, 1980; Parsegian and Gingell, 1980). The 
modified DLVO theory is applicable to bacteria because they behave as 
colloids, in suspension, resulting in part from mutual electrostatic 
repulsion between the negatively charged cells. In addition, bacterial 
adhesion can be paralleled with colloid sorption since both appear to 
be dependent upon the concentration of particles in suspension, the 
time of immersion and are affected by the presence and concentration of 
chemical species in the media. 
According to the DLVO theory, adhesion depends on a balance of short 
range attractive forces (resulting from dispersion and dipole type 
interactions) and longer range electrostatic repulsion forces. It 
predicts a strong attraction between surfaces at a very close range, 
followed by an electrostatic barrier at a longer range and then a 
second, weaker attraction region (secondary minimum potential) at a 
rather greater separation still. The magnitude of the repulsion 
barrier to very close approach is determined by the ionic composition 
of the medium' as well as the charge and radii of curvature of the two 
surfaces. At low ionic strength there is a large free energy barrier 
to overcome if a particle is to come into close contact with the 
substratum; so effectively the particle is repelled from'the surface. 
At high ionic concentrations this energy barrier is eliminated and 
there is a strong net attraction between the substratum and the 
particles. At intermediate ionic concentrations, the free energy 
barrier is still present but much smaller. Therefore, a certain 
fraction of the particle collisions with the substratum will result in 
permanent contacts being made (Rutter and Vincent, 1980). The weak 
attraction region at the secondary minimum allows close association, 
but not actual contact, and this is thought to be the basis for the 
'reversible sorption' stage of bacterial attachment (Marshall et al., 
1971). This term 'reversible sorption' describes the situation where 
the micro-organisms are attracted to surfaces of like charge under 
conditions such that van der Waal's attraction energies exceed the 
electrical `double-layer 'repulsion energies; the microbe is held at a 
small but finite distance fron the surface. Any further decrease in 
interparticle distance results in a'condition where the resultant 
energy is a substantial repulsion energy. The application of the DLVO 
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theory to biocontact has been successful but since it is essentially 
useful at only medium to long range, further advances in the field 
probably require evaluation of shorter range microscopical forces 
(Pethica, 1980). 
With the realization that the DLVO theory alone is unable to account 
for all types of cell adhesion a second theory (Wetting) has been 
developed and maintains that if the total free energy of the system 
containing a cell and an adjacent substratum is reduced by contact, 
then adhesion of the cell to that substratum results (Dexter et al., 
1975; Baier, 1980; Pethica, 1980; Characklis and Cooksey, 1983). 
However, the relationship between interfacial free energy and adhesion 
of cells can be only qualitative at best (Pethica, 1980) because in 
practice the cells do not conform to the theoretical conditions of cell 
rigidity, homogeneity and insolubility. Thus to explain fully the 
adhesive phenomena other types of interactions have been considered. 
These include hydrogen and ionic-bonding (Marshall and Cruickshank, 
1973; Pethica, 1980), co-ordination with metal and other cations 
(Maroudas, 1975), hydrophobic interactions (Dahlback et al., 1981; 'Jiwa 
and Mansson, 1983; Beighton 1984; Fattom and Shilo, 1984), and specific 
reactions between surface functional groups (Dazzo et al., 1979), where 
the correct positioning of donor and acceptor groups on the microbial 
cell and the surface to which it sticks is likely to demand specific 
chemical structures. This is probably the case for irreversible bonding 
which is thought to involve polymer production (Zobell, 1943; Corpe, 
1970b; Fletcher, 1980; Geesey, 1982; Uhlinger and White, 1983), and 
subsequent electron microscopy has provided clear evidence that polymer 
bridging is a principal mechanism in bacterial attachment (Fletcher and 
Floodgate, 1973; Harris and Mitchell 1973; Young, 1978). These 
polymers often bear a large number of acidic groups which may require 
cations for screening of'the adhesive, as previously discussed. 
1.4.5 Biophysics of Adhesion 
1.4.5.1 Theoretical Aspects 
Before a cell can adhere to any surface, its outermost cell wall layers 
must come close enough to that surface to enable formation of bonds. 
Chemical bonds can only be formed between interacting particles 
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separated by a distance less then lnm (Table 1.1); ' thus any two 
surfaces proximating closer than lnm will adhere (Sherbet, 1978). 
Nevertheless surface energetics play a dominant role in adhesion and 
give rise to a number of theoretical and practical problems related to 
electrostatic repulsion and electrodynamic attraction. 
(a) Electrostatic repulsion 
According to Hogg et al., (1966) the energy of repulsion VR 
between two interacting particles of radius al, and a2, with 
surface potentialst)l and 
ý2, 
separated by a distance H in a 
medium of bulk dielectric constant E, is given by 
VR E ala2 (1J142)2 In (1+exp6-KH) + (ý11itP2)2 In (1-exp(1-KH) 
4 a+a 
Equation (1) 
Where 1/K is the Debye-Huckel parameter of the 'effective' 
width of the diffuse electrical double-layer, and this in 
turn is given by 
18 71 ne2Z -1/2 
K ekT Equation (2) 
Where n is half the total number of ions cm -3 in the bulk 
solution, e is the electronic charge, k is Boltzmann's 
constant, Z is the valence, T is the absolute temperature and 
1/K is the distance over which the potential-drops to l/e of 
the surface potential. 
Most particles of biological nature carry a net negative 
charge at their surface and are surrounded by a diffuse cloud 
of counter-ions which lead to the formation of an electrical 
double-layer (Haydon, 1964; Shaw, 1980), the dimensions of 
which are dependent upon the ionic strength of the medium. 
Under conditions of low ionic strength, such as 0.45 Molar, 
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1/K approximates to 0.8nm (Weiss, 1967). Thus, when two 
surfaces come closer than 2/K (approximately 1.6nm) 
significant overlap of their diffuse ionic clouds is 
expected. This leads to deviations in ionic arrangement from 
those predicted by simple considerations of Boltzmann 
distributions. The closer two charged surfaces approach each 
other, the more inaccurate the estimates become. If overlap 
is ignored, as is commonly done, predicted values of VR are 
likely to be underestimated. Thus, using equation (1) 
accurate information about VR can only be obtained when the 
two surfaces approach to within approximately 1.6nm of each 
other. However, this information is useful, since from an 
energetic view point, if two surfaces cannot approach to 
within 2/K of each other, then closer approach leading to 
direct contact is unlikely. 
(b) Electrodynamic attraction 
Attractive interactions of the van der Waal's type are 
generated through charge fluctuations (Visser, 1976). 
According to Hamaker (1937) when Ka, the reciprocal of the 
Debye-Huckel parameter, is »1, as in biological systems, the 
attractive energy VA between two particles of radius al, and 
a2, separated by a distance H, is given by 
VA '_ -A a1 a2 1 Equation (3) 
6 a1 + a2 H 
Where A'is the Hamaker constant. This equation applies to a 
simple system of two body interactions occurring in rarified 
gases. When attempts were made to extend this simple 
approach to multiple bodies intractable complications arose 
(Weiss, 1967), and thus summations of two-body attractive 
energies were made, even though this approach was known to be 
unsound (Weiss and Harlos, 1971). The approach used today is 
to compute VA by the use of the 'two-body' equation over a 
wide range of values for the Hamaker constant (Weiss, 1971; 
Nir, 1977; Rutter and Vincent, 1980). 
42 
It should be emphasized that individual estimates of 
attraction (VA) and repulsion (VR) energies between 
approaching surfaces are of less interest than the total 
interaction energy VT, given by VT s VR + VA. A good 
approach to the total interaction energy was formulated by 
Derjaguin and Landau (1941), and Verwey and Overbeck (1948), 
known as the DLVO-theory. This Theory of the stability of 
lyophobic colloids has been studied in great detail 
(Richmond, 1975; Marshall, 1976; Parsegian and Gingell, 1980; 
Gingell and Vince, 1980). As discussed earlier the basis of 
the DLVO theory is a potential energy curve composed of an 
electrostatic repulsive potential energy (VR) and an 
attractive potential energy (VA). There is uncertainty in 
the validity of both the basic equations used for calculating 
VR and VA, and in the estimates of their numerical values. 
Thus, by considering the values of VT rather than VR and VA 
separately, it is possible to get some idea of the 
comparative importance of individual factors. Values 
assigned to the Hamaker constant lie between 10-12 and 10 
16 
ergs. At distances in excess of 1.6nm separation, where one 
cell surface will only 'see' the average surface potential of 
another, the diffuse electrical double layers and values 
ascribed to A are not critical, because the potential of the 
surface is > -5mV (Weiss, 1971). However, at shorter 
distances of separation, where one cell surface could 'see' 
individual charges at the surface of another and where 
contact between regions have surface potentials <-50, the 
values assigned to A would be much more critical. However, 
at short distances, the DLVO theory is not applicable 
(Israelachvili, 1978) and dipole forces are likely to have 
greater importance, since they are dependent on the 
stereochemistry of the contacting surfaces (Pethica, 1961, 
1980). 
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1.4.5.2 Practical Aspects 
4 
Inspection of equation (1). shows that in order to estimate VR, values 
are required for the cell surface potential (ý o), 
the dielectric 
constant (s), radius of curvature of the approaching cells/solid (a) 
and distances of separation (H). For calculation of VA, equation (3), 
the Hamaker constant (A) is required in addition to H and a. As 
discussed below none of these variables is easy to determine 
practically (Weiss, 1971; Pethica, 1980). 
Firstly, the cell surface potential cannot be measured directly, and 
the usual technique of measurement of cellular electrophoretic 
mobilities will only permit the calculation of the Zeta-Potential 
(Shaw, 1980). Zeta-Potential is the potential at the hydrodynamic 
slip-plane created, near a cell surface when it moves through a 
suspending fluid under the influence of an electrical potential 
gradient. It is unlikely that this Zeta potential has exactly the same 
value as the surface potential; most probably, the value for 
Zeta-potential is lower (Haydon, 1964; Shaw, 1980). Secondly, the 
dielectric properties of the medium between two interacting surfaces 
are of importance in deriving VR, and the bulk phase value is commonly 
used. The 
,, 
structural properties of water and 
polysaccharide/proteinaceous materials near charged surfaces are, 
however, different from those in the bulk phase, and the zones of 
structural water and other surface-associated materials can be several 
molecules wide. In situations where the distance separating two 
interacting surfaces is great compared with the widths of these zones, 
the error in using a bulk-phase value for the dielectric constant is 
probably not great. In contrast, at close approach, where the widths 
of the surface-associated zones are appreciable compared with the 
distance of separation, it is obvious that the bulk phase values used 
may be significantly incorrect (Weiss, 1971). Thirdly, appreciable 
difficulties are faced in determining values for the radii of curvature 
of the interacting, surfaces. In the use of electron micrograph 
techniques, absolute measurement is hindered by the occurrence of 
fixation, staining, dehydration, and electron bombardment artifacts 
(Gregory and Pirie, 1973). 
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Additional problems are encountered if establishing the nature of the 
interfacial forces on a molecular level, and in assessing their effects 
on the strength of the adhesive bond. Conventional procedures used in 
examination of adhesion between solids have the advantage of assessing 
criteria between two well established chemical and physical surfaces, 
futhermore, the surface characteristics, for example roughness may be 
readily altered to optimize selectivity of strength or compatibility. 
Unlike the non-biological cases, biosurfaces are dynamic entities and 
the surfaces involved are complex mixtures of protein, polysaccharides 
and lipids, which vary in both size and shape, and are not easily 
defined on a chemical and physical basis. To apply existing knowledge 
of the physicochemistry of adhesion to biological materials, therefore, 
requires some modification of the usual concepts and methodologies. 
1.5 MICROBIAL ADHESION TO MEATS 
The first studies in this field dealt with the attachment of several 
bacterial strains to the surfaces of raw meat. Recently this interest 
in bioadhesion has expanded to include the . attachment of bacteria to 
inert surfaces such as the clothing and hands of workers (De Wit and 
Kampelmacher, 1981), and meat processing equipment (Notermans and 
Kampelmacher, 1983); the work being, centred mainly upon post-slaughter 
contamination of carcasses as an increased potential hazard for food 
poisoning and spoilage (Notermans and Leeman, 1980). 
Bioadhesion studies using pork skin and lamb carcasses (Butler et al., 
1979), beef carcasses (Firstenberg-Eden et al., 1978; Butler et al., 
1979) teats of cows (Firstenberg-Eden et al., 1979; Notermans et al., 
1979), and poultry meat (Notermans et al., 1975a, b, 1980; Lillard 
1985; Campbell et al., 1987) have concluded that while adhesion to 
meats. is instantaneous (Firstenberg-Eden et al.,. 1978; Butler et al., 
1979; Kriaa et al., 1985; Lillard, 1985), the absolute kinetics of 
attachment are characteristic of both the bacterial strain and the 
corresponding substratum (Firstenberg-Eden et al., 1978; Butler., et al., 
1979; Firstenberg-Eden, 1981). For example Gram-negative bacteria, 
such as Escherichia coli and Pseudomonas spp, are generally found to 
adhere more rapidly to meat surfaces than Gram-positive bacteria such 
as Lactobacillus and Staphylococcus (Notermans and Kampelmacher, 1974; 
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Butler et al., 1979; Notermans et al., 1980; Farber and Idziak, 1984; 
Speers and Gilmour, 1985). The variations in the nature, quantity, 
conformation and distribution of outer cell wall components may account 
for such differences. In addition, bacteria which attach rapidly to 
one type' of meat have been shown to attach very slowly to a different 
type (Firstenberg-Eden, 1981). 
A number of workers (Notermans and Kampelmacher, 1974; Butler et al., 
1979, Notermans et al., 1979; Farber and Idziak, 1984; Lillard, 1985) 
have found inherent factors, such as motility, playing an important 
role in bacterial adhesion while others (McMeekin and Thomas, 1978; 
Notermans et al., 1980; Campbell et al., 1987) working with chicken 
carcasses have found the ability to attach to be independant of the 
motility of the organisms. The latter appear to be in agreement with 
the data of Barnes (Barnes and Thornly, 1966; Barnes, 1976), which 
indicates that the flora of chicken carcasses immediately after 
processing comprises >90% of non-motile organisms. Notermans and 
Kampelmacher (1974,1983) in addition found that varying the pH and the 
temperature affected both the rate and extent of attachment to meat 
surfaces; other workers however found this not to be the case (Butler 
et al., 1979; Firstenberg-Eden, 1981; Humphrey and Lanning, 1987). The 
relatively recent findings of Humphrey et al. (1981,1984) support the 
observations of Notermans and Kampelmacher (1974,1983), and show that 
scalding hygiene can be improved by raising the pH of the scald tank 
water. The degree of association of bacteria with meats may be 
influenced by the 'attractant substances' which direct the bacteria 
towards the skin or meat surface (positive chemotaxis). Changes in the 
electrolyte concentration and in other physicochemical properties of 
the interacting layers may be responsible for changes in the degree of 
attachment. In view of this, it is surprising that certain workers 
vide supra found that differences in pH of the medium had little effect 
on the degree of attachment. 
Notermans and Kampelmacher (1974), who suggested that bacteria attach 
to the skin of broiler chickens during processing, found that the rate 
of attachment increased when the number of bacteria in the surrounding 
medium was increased. These findings have been confirmed subsequently 
by other workers (Firstenberg-Eden et al., 1978; 1979; McMeekin and 
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Thomas, 1978; Butler et al., 1979; Firstenberg-Eden, 1981; Lillard, 
1985) each dealing with a different range of bacteria and meat 
surfaces. The time of immersion in the bacterial suspensions also 
appears to affect attachment (Notermans and Kampelmacher, 1974; 
Firstenberg-Eden et al., 1978,1979; Butler et al., 1979; Lillard, 
1985), although McMeekin and Thomas (1978) have found such effects to 
be negligible compared with the effects of population density. 
In addition the strength of adhesion appears to increase with increased 
time of contact between the bacteria and the meat surfaces 
(Firstenberg-Eden et al., 1979; McMeekin et al., 1979; Notermans 
et al., 1979; Firstenberg-Eden, 1981; Schwach and Zottola, 1982) and 
this has been attributed to the production of extracellular polymers 
during the secondary stages of attachment (Marshall et al., 1971). 
Subsequently it has been found that bacteria with the lowest attachment 
value have the highest attachment strength (Firstenberg-Eden et al., 
1979; Farber and Idziak, 1984), suggesting that aýhigh attachment rate 
does not necessarily result in firm, irreversible adhesion (Noterman 
et al., 1979; Firstenberg-Eden, 1981). 
Although not yet fully understood, it appears that the state of 
attachment provides protection against environmental stress. For 
example, some mesophilic bacteria, such as Escherichia coli and 
Klebsiella sp were found to be more heat-resistant when attached to the 
skin of broilers than were the same bacteria when not attached 
(Notermans and Kampelmacher, 1975a). The recent results of Humphrey 
et al. (1984). are in agreement with the earlier work of Notermans and 
Kampelmacher (1975a) and illustrate the high degree of heat resistance 
of adherent bacteria. Mead et al., (1975) also found that, when 
attached, the organisms were more resistant to chlorine. An 
explanation for these findings may be that extracellular polymers 
produced by the bacteria inactivate the chlorine. Ridgway and Olson 
(1982) observed similar chlorine resistance patterns for adherent 
bacteria in water supplies. In addition, the relatively recent results 
of Mulder (1982) further demonstrated the resistance of adherent 
bacteria to gamma-irradiation. Although, no simple explanation for 
this finding can be given at present, protection by the extracellular 
polymers again may be a contributory factor (Notermans and 
Kampelmacher, 1983). 
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1.6 SIGNIFICANCE OF MICROBIAL ADHESION TO THE MEAT INDUSTRY 
Microbial spoilage of meat is influenced by the original bacterial 
content of the raw materials and by contamination introduced 
secondarily during processing. Over the last decade food 
microbiologists have studied the mechanisms responsible for such 
contamination: the attachment of bacteria to surfaces. 
Although extensive work has been carried out using meat tissues, the 
attachment of bacteria to processing equipment has hardly been 
explored. Up to now plant hygiene has relied heavily upon cleaning and 
disinfection of the equipment. However, as a result of increased 
mechanisation of the slaughter and processing procedures, complicated 
equipment has been developed which is sometimes constructed in such a 
way that cleaning and disinfection cannot be performed adequately 
(Notermans et al., 1982). Thus bacteria attached to certain surfaces 
of the equipment will survive disinfection and may become indigenous to 
the plant (Notermans and Kampelmacher, 1983). The problem of bacterial 
accumulation and subsequently contamination may be resolved, at least 
partially, by using processing equipment made from materials with low 
microbial retention capacities, and constructed in such a way as to 
allow for easy and adequate cleansing. But before this can be 
achieved, the specific substratum properties and environmental factors 
unfavourable for microbial adhesion need to be determined. 
Transfer of attached organisms from one surface to the next appears to 
occur readily, even under less than optimal growth conditions (Schwach 
and Zottola, 1982). Micro-organisms transferred to newly exposed meat 
surfaces during cutting may outgrow those surviving on the native 
tissue (Frazier and Westhoff, 1978) resulting in development of 
communities capable of tainting or biodeteriorating the product (Jay 
and Shelef, 1976; Dainty et al., 1983,1984). Transfer is closely 
associated with adhesion, since organisms that are weakly adhered will 
be most easily removed and transferred. In contrast, strongly adherent 
organisms are unlikely to contaminate the contacting surface and may be 
potentially less hazardous. This makes both adhesive strength and cell 
transfer important parameters for investigation. 
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Neither the processing nor the meat surfaces are smooth at the 
microbial level, and transferred bacteria may lodge in crevices as well 
as adhering. SJ, nce both entraped and attached bacteria can potentially 
contaminate or recontaminate clean surfaces, both mechanisms need to be 
resolved if meat hygiene is to be improved. The present study was 
undertaken to achieve this-and was aimed at improving the situation in 
both the long and short term. For long term improvement it"is 
necessary to determine which environmental and physicochemical 
variables have a measurable effect on the kinetics and strength of 
bacterial adhesion and to use this information for a better 
understanding of the modes of cell attachment, entrapment and transfer. 
Subsequently to minimise the levels of contamination attained during 
meat processing. In order to improve the situation in the short term, 
a commonly used cleansing technique was evaluated; with its 
effectiveness being assessed in terms of promoting or inhibiting 
bacterial adhesion. 
Microbial analysis of meats or corresponding work surfaces require 
considerable subjective judgement in the interpretation of results and 
selection of appropriate methodologies to insure the validity of these 
results (Butler et al., 1979). It is apparent from the literature that 
the number of bacteria isolated from any surface is dependent upon the 
methods used (Notermans and Kampelmacher, 1974; Notermans et al., 
1975b); Non-destructive methods can be used satisfactorily to compare 
the degree of microbial contamination, but for any reasonable 
estimation of the absolute bacterial population a destructive method 
must be used (Gill, 1982). Even with the destructive method the 
recovery rate will vary with the exact method employed and even between 
two practitioners- of the same method. In addition, removal and 
subsequent recovery of micro-organisms will depend upon the forces by 
which the micro-organisms are held in or on the surface, and in turn 
will be influenced by the same factors that affect adhesion; the nature 
of the substratum, the environment, the bacterial species, and the 
bacterial density. Thus a deeper understanding of the adhesion 
mechanism may help the development of more accurate and reliable 
surface sampling and enumeration techniques. 
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The bioadhesion study has been divided into a series of distinct but 
inter-related stages as outlined below: - 
Chapter 1 Introduction: 
This introduces the concepts of adhesion, outlines the achievements in 
the field to date and discusses the influential factors and theories 
put forward. Both general adhesion in other fields and adhesion as 
related to the meat industry are considered. 
Chapter 2 Material and Methods: 
Experimental details of methods, used commonly throughout the study, 
are discussed. 
Chapter 3 Microbiology of the meat production line: 
A statistical sampling regime was established to determine the normal 
microbial flora associated with butchering-surfaces. A comparison was 
made of the number and types of bacteria recovered from stainless steel 
anda plastic work surfaces. Scanning electron microscopy was used to 
evaluate the adhesion and entrapment factors. The different 
components of meat -liquor extracts were determined in an attempt to 
evaluate the influence of process line constituents on the adhesion and 
isolation of different types and numbers of bacteria. 
Chapter 4A physicochemical approach: 
The wettability and surface charge density of different bacterial 
isolates and substrata were obtained in an attempt to determine the 
relationship between physicochemical characteristics of the contacting 
surface, and the number or types of bacteria isolated or adhered. A 
'captive bubble' contact angle method and hydrophobic interaction 
chromatography were used to determine the respective interfacial 
free-energy characteristics of the different substrata and bacterial 
isolates. A microelectrophoresis apparatus was used to determine the 
surface charge density of both the bacteria and the substrata by 
measuring the electrophoretic mobilities of the particles in buffer. 
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Chapter 5 Evaluation of enumeration techniques: 
Two enumeration techniques (the bioluminescence assay of Adenosine 
triphosphate and direct microscopical counting) were compared, and the 
efficiency of each was evaluated. The bioluminescence assay method, 
commonly used as a rapid method in quality control of food, was 
modified and extensively examined for use as an enumeration technique 
for evaluating both the rate and levels of attachment. 
Chapter 6 Attachment studies: 
Four Gram-negative rods Acinetobacter, Enterobacter, Moraxella and 
Pseudomonas and one Gram-positive coccus Staphylococcus, isolated in 
the initial stages of the study, were compared in terms of their 
adhesion and transfer behaviour. Adhesion to a range of substrata with 
different values for surface wettability, surface charge density and 
surface roughness were examined in vitro under a range of conditions. 
In addition, the effects of certain environmental factors, meat extract 
constituents and various detergent components on the adhesion 
capacities of the isolates were assessed. 
Chapter 7 Forces of adhesion: 
In an attempt to determine probability of bacterial transfer during 
meat processing the strength of adhesion was examined. The forces of 
attachment and detachment of bacterial isolates adhered to stainless 
steel, polypropylene and polyethylene substrata were examined using the 
radial flow growth chamber, also the bacteria and substrata were 
pre-treated with different meat extracts and detergent to determine 
how, if at all, these components of the process-line influence the 
strength of adhesion. 
Chapter 8 Discussion: 
The significance of this study to improve the hygiene and processing 
conditions of the meat industry, in order to produce high quality 
meats, is discussed. 
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TABLE 1.1 ADHESIVE INTERACTION OF PARTICLES IN RELATION TO INTERACTION 
ENERGIES (AS MODIFIED FROM SHERBET (1978) ) 
Distance between 
particles 
20nm VA > VR 
10-20nm 
1.6-10nm VA< VR 
<1. Onm - 1/K VA>VR 
Interaction 
energy 
level 
Nature and 
Type of 
adhesive 
bond 
Secondary attractive low Weak reversible 
Minimum adhesion, slow 
Repulsive barrier 
Primary attractive 
minimum 
High Chemical bonds, 
rapid, 
irreversible 
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FIGURE 1.1 DIAGRAM OF STAGES INVOLVED IN THE PRODUCTION OF MEAT AND 
MEAT PRODUCTS 
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CHAPTER 2 
MATERIALS AND METHODS 
All techniques, microbiological and physicochemical, used in this study 
are described, however, the details given in 'this Chapter are 
restricted to only those materials and methods commonly applied 
thoughout the research. To avoid confusion, those procedures 
applicable to single specific areas of the investigation are detailed 
under the relevant chapters. 
2.1 MATERIALS 
2.1.1 Chemicals 
The following list of chemicals were purchased from BDH Chemicals 
Limited% acetone, amyl alcohol, chloroform, dibasic sodium phosphate, 
formalin, glutaraldehyde, industrial methylated spirit, monobasic 
sodium phosphate, phosphotungstic acid, potassium hydroxide, polyvinyl 
formol (formvar), sodium cäcodylate, and sodium chloride. 
'Titan Quatdet SU 321' detergent and its individual components (catonic 
detergent, non-ionic detergent and an organic sequestrant) were kindly 
supplied by Lever Brothers. 'Decon 90' cleansing reagent was obtained 
frone Gallenkamp-Distilled water passed though a low organics deionizing 
system (Norganic Milli-Q system, Millipore) was used throughout the 
investigation, except' for AT? work (Sections 5 and 6) where 
distillation alone was used, and is referred to throughout as deionized 
water. 
2.1.2 Culture Media 
(a) Tryptone soya broth, tryptone soya agar, plate count agar, 
and All Purpose 'tween' agar were purchased from Oxoid, and 
rehydrated according to the manufacturers directions. All 
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media were sterilized by-, autoclaving (heating at 121°C under 
15 lb in-2 pressure for 15 - 20 minutes) and dispensed as 
required. 
(b) Horse serum medium was prepared by mixing 75, ml of horse 
serum (Number 3, Wellcome Laboratories Limited), 25 ml of 
nutrient broth (Oxoid) and 7.5% by Weight D-glucose (AnalaR, 
BDH). -- The medium was filter sterilized using a 0.22pm G. S 
millipore filter, and dispensed in 25 ml amounts. 
(c) Suspension buffer: 0.01M sodium phosphate buffer it pH 6.4, 
referred to as phosphate buffer, was prepared by mixing 73 
ml of 0.2M solution of monobasic sodium phosphate and 27 ml 
of 0.2M solution of dibasic sodium phosphate, and diluted to 
200 ml with deionized water. 
2.1.3 Organisms 
One pathogenic and four meat spoilage organism, isolated during the 
initial stages of the project (Section 3.2.2) were chosen for detailed 
study. These included the Gram-negative, motile rods Enterobacter and 
Pseudomonas; the Gram-negative, non-motile rods, Acinetobacter and 
Moraxella, and the Gram-positive, non-motile- coccus Staphylococcus. 
These bacteria were selected not only because of their wide occurrence 
and common association with meat spoilage, but also to represent a 
range of organism characteristics, such as size, shape, motility, and 
cell wall properties as distinguished by the Gram-reaction. 
Purified cultures of each species were grown in 200 ml of tryptone soya 
broth, at 30°C, and cell growth was maintained by fortnightly 
subculturing into fresh media. The purity of each culture was checked 
regularly by streaking samples onto tryptone soya agar and incubating 
the plates at 30°C for 24-48 hours. 
In earlier work (Johal, unpublished) it was found that after prolonged 
subculturing the adhesive capacity of cells in laboratory cultures 
sometimes changed. Similar effects have been reported by Costerton et 
al. (1981). As a precautionary measure cultures of the bacteria under 
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test were freeze-dried very early in the programme so that if adverse 
effects of subculturing became evident, fresh cultures from the 
freeze-dried stock could be employed. For freeze-drying purposes, the 
organisms were grown in 25 ml aliquots of horse serum media at 30°C for 
24 hours. The procedure as described by Lapage and Redway (1974) was 
employed. 
2.1.4 Substrata 
The materials, stainless steel (AISI 304), polyethylene 'I' 
(Vitrathene, Row Plastics Limited), polyethylene°'II' (High Density 
Plastics Limited), Polypropylene 'A' (Chamberlain and Sons Limited) and 
polypropylene 'B' (Courtaulds Acetate Limited), commonly used in meat 
processing plants were utilized. For details' of the specific 
properties of each substratum refer to Appendix I. 
2.1.5 The Heat Processing Establishment 
All field work was *carried out, as described in Sections 3.2.2 and 
3.2.6, at a butchering establishment in Horsham, West Sussex which 
deals with three meat types; Beef, Pork and Bacon. In each case the 
carcasses arrive as chilled half-sections, and during processing are 
cut to appropriate size on a range of different surface materials 
before packaging and despatching. 
2.1.6 Meats 
The three types of meat analysed, beef, pork, and bacon, were purchased 
locally in Guildford, Surrey, and prepared as described in 
Section 2.2.3. 
2.2 PREPARATIVE METHODS 
2.2.1 Preparation of the Organisms for Experimentation 
a 
Each bacterial isolate was cultured in 200 ml of tryptone soya broth at i 
30°C for 18 hours. After incubation, when the bacteria were in 
SYoýýfor o. r i phase 
(see Appendix II for typical growth curve for 
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each species), the cells were harvested by centrifuging at 1,800 xg 
for 10 minutes and washed twice in phosphate buffer. The washed cells 
were resuspended in phosphate buffer to yield a final cell 
concentration of 0.9 - 1.2 x lU9 organisms ml-l, and in Section 5.2.4. 
an additional concentration of 1.8 - 2.2 x 10 organisms ml-l. The 
culture concentration was determined using the improved Neubauer 
Counting Chamber for Total Cell Counts (Baker and Silverton, 1980). In 
all cases the suspensions were used immediately for experimentation 
purposes. 
2.2.2 Preparation of the Substrata for Experimentation 
The substrata, as listed in Section 2.1.4, were cut to obtain sample 
pieces of dimension 20 x 20 x1 mm, with the exception of polyethylene 
'II' where samples of dimension 20 x 20 x5 mm were obtained; 
corrections for the relatively greater surface area of the polyethylene 
'II' samples were made where appropriate. 
All sample pieces were chemically cleaned by three repeated sonications 
(Gallenkamp 100W Ultrasonic cleaning apparatus number, ULJ-300-030L) in 
5.0% 'Decon 90' for 10 minutes, with the samples being washed in 
deionized water after each successive sonication period. To ensure 
thorough rinsing the samples were sonicated four times in sterile 
deionized water for periods of 5 minutes. After cleansing the samples 
were wrapped in foil, sealed in a plastic container and sterilized by 
dry-cycle autoclaving at 121°C for 20 minutes. 
'Decon 90' is known to be notorious for adhering to surfaces so contact 
angle measurements, as described in Section 4.2.2, were determined for 
each material type before and after cleansing as a means of quality 
control. The contact angle values appeared to be unaltered by the 
'Decon 90' indicating that the cleansing and rinsing technique employed 
were sufficient in ensuring a similar degree of cleanliness in each 
experiment. Presence of the detergent would make the surface more 
water wettable and consequently would reduce the contact angle value. 
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2.2.3 Preparation of Meat Filtates 
20g of lean meat was homogenized with 100 ml of sterile, deionized 
water for 1 minute at full speed in an 'Atomix' blender. The 
homogenate was filtered through a folded Whatman number 1 filter paper 
and the subsequent filtrate was used for both adsorption onto the 
clean, sterile substrata, and for the pretreatment of the different 
organisms. Both procedures are described below in Sections 2.2.4 and 
2.2.5 respectively. - 
Since no one batch of meat will ever have exactly the same properties 
as another, for example the percentage of fat, protein or carbohydrate 
may differ, it was necessary to obtain enough extract from a single 
batch of meat to fulfil the total requirements of the study. Thus, to 
ensure good reproducibility, the meat filtrates were prepared in large 
quantity and stored as 100 and 50 ml aliquots at-2fl°C. The appropriate 
amounts were thawed as required and no filtrate once thawed was 
refrozen or reused. 
2.2.4 Pretreatment of the Bacteria for Experimentation 
The bacteria grown in tryptone soya broth at 30°C for 18 hours were 
centrifuged at 1,200 xg for 10 minutes and washed twice in deionized 
water before resuspension in 50 ml of meat filtrate (as prepared in 
Section 2.2.3) The samples were shaken gently to ensure good 
dispersion but avoiding excessive foaming. After a contact period of 
30 minutes at ambient temperature, the cells were recentrifuged at 
1,200 xg for 10 minutes and resuspended in phosphate buffer to obtain 
a cell concentration of 109 organisms ml-1 for appropriate 
experimentation. 
The same procedure was employed for pretreatment of the bacteria with 
either 0.54 V/V 'Titan Quatdet SU 321' or its individual components 
(cationic detergent, non-ionic detergent, and an organic sequestrant). 
2.2.5 Pretreatment of the Substrata for Experimentation 
Samples of chemically cleaned, sterile substrata were immersed in 100 
ml of meat filtrate (as prepared in Section 2.2.3) at ambient 
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temperature for a period of 30 minutes. On removal, the samples were 
washed twice in 100 ml of deionized water and finally in a stream of 
phosphate buffer, and were used immediately. 
This procedure was repeated using 0.5% V/V solution of 'Titan Quatdet 
SU 321' and its individual components (cationic detergent, non-ionic 
detergent and an organic sequestrant). 
2.2.6 Detergent Cleansing of 'in-use' surfaces at the Meat Plant 
2.2.6.1 In situ 
After the processing period, the cutting tables-and conveyor belts were 
cleaned using a 'single-stage' procedure. The surfaces were first 
washed with water at 25°C and then with detergent 'Titan Quatdet SU 
321' at 25° C. Washing was achieved by first pouring 3 litres of water 
and then 3-4 litres of 0.5% (not accurate) detergent onto the surfaces 
and each time brushing across the surface with a soft 'floor' brush; 
the cleansing reagent remained in contact with the surface for 3-5 
minutes. The surfaces were then rinsed three times with clean tap 
water at 25°C, with the excess moisture being finally brushed off the 
surface. The whole cleansing and rinsing procedure took 9-10 minutes. 
2.2.6.2 In Laboratory 
Where in situ cleansing was not possible the 'soiled' surfaces were 
removed to the laboratory and a cleansing technique simulating that 
used in situ was performed. Surfaces were sampled both before and 
after cleansing in order to determine the effects of the detergent on 
organism removal and recovery. Surfaces 'soiled' in situ were wrapped 
in large 'sterilin' bags and transported to the laboratory. For each 
surface an area of 90 cm2 was washed with sterile deionized water at 
25°C followed by washing with 0.5% 'Titan Quatdet SU 321' at 25°C. 
Washing was achieved by first placing 50 ml of water and then 50 ml of 
detergent onto the surface and each time rubbing across the surface 
with a sterile cotton cloth for 30 seconds. On draining the surplus 
moisture, the specified area was rinsed three times with 100 ml of 
sterile deionized water. The whole cleansing procedure took 5-6 
minutes to perform. 
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2.3" TECHNIQUES 
2.3.1 Microbiological 
2.3.1.1 Isolation and identification of micro-organisms 
The' isolation and identification of the normal microbiota associated 
with carcass - breaking work-surfaces were achieved by the swab-rinse 
and 'Sellotape' techniques. Enumeration was carried out using the 
'spiral plater' (Don Whitley Scientific) technique in conjunction with 
a laser bacterial colony counter (Don Whitley Scientific). The 
isolates obtained were ultimately characterized by standard methods. 
The experimental details in each case are given in Sections 3.2.2., 
3.2.3 and 3.2.4 respectively. 
2.3.1.2 Chemical Analysis of Meat Filtrates 
The fat and protein contents, pH and conductivity of each meat filtrate 
were determined for comparative analysis as described in Section 3.2.5. 
The fat content was determined using the Gerber technique for milk, the 
protein content was determined using the Coomassie Blue technique, and 
the pH and conductivity were both determined electrometrically. 
2.3.1.3 Electron Microscopy 
Transmission electron microscopy as detailed in Section 3.2.6.1 was 
used to determine whether the organisms under investigation possessed 
specific appendages, such as fimbriae or flagella, which may aid their 
attachment. Scanning electron microscopy was used to observe the 
microstructure of the different substrata under study (as listed in 
Section 2.1.4) and to examine biofilm formation under both natural and 
laboratory conditions, as detailed in Section 3.2.6.2. In addition, 
electron microscopy was used to observe the effects of detergent and 
meat filtrates on the adhesion patterns of the meat-associated bacteria 
Acinetobacter, Enterobacter, Moraxella, Pseudomonas and Staphylococcus 
as described in Section 3.2.6.2. Details of the preparatory procedures 
for the transmission and scanning electron microscopy investigations 
are given in Sections 3.2.6.1 and 3.2.6.2 respectively. 
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2.3.2 Enumeration Techniques 
Two distinct techniques were employed for determining the number of 
bacteria adhering under the conditions specified in Section 6.2.2. The 
first, light microscopy in conjunction with the Quantimet 720 image 
analyser, as described in Section 5.2.3, proved too tedious and time 
consuming for routine analysis. Thus a second technique, the 
bioluminescence assay for adenosine triphosphate (ATP), as described in 
Section 5.2.4 was employed. The latter proved a more rapid and 
accurate technique for the purposes of this study. A comparison of 
these two techniques are given in Section 5.2.5. 
2.3.3 Physicochemical Techniques 
A microelectrophoresis apparatus (Rank Brothers, Bottisham, Cambridge) 
was used to determine the charge density of the substratum and 
bacterial surface by measuring the electrophoretic mobility of the 
particles in solution as detailed in Section 4.2.1. 
A 'Captive Bubble' method for contact angle measurement, as described 
in Section 4.2.2, was used to determine the wetting properties of the 
substrata, but proved inadequate for evaluating the hydrophobic nature 
of the bacterial cell wall outer layers. For the latter Hydrophobic 
Interaction Chromatography, as described -in Section 4.2.3, was 
employed. 
A radial flow growth chamber was used for quantification of microbial 
adhesiveness. The shear forces which enabled both attachment and 
detachment of adhered cells were investigated as detailed in 
Section 7.2. 
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CHAPTER 3 
THE MEAT PROCESSING LINE AND ITS MICROBIAL FLORA 
3.1 INTRODUCTION 
3.1.1 General 
Huge numbers of organisms are associated with the animals hide, hooves 
and hair, with the gut and with excrement. Also, because dirt is an 
important source of contaminants that cause meat spoilage, ' handling 
methods before and after slaughter determine to a large extent the 
microbiological quality (Firstenberg-Eden, 1981) and the ultimate 
storage-life (Ayres et al., 1980; Noterman and Van Leewen, 1981) of the 
meat products. 
The bacterial load prior to packaging must be kept to a minimum level 
if the onset of spoilage is to be delayed and the shelf-life increased 
(Ayres et al., 1980). To achieve this successfully it is important to 
prevent the adhesion of bacteria and the build-up of biofilms on the 
working surfaces and equipment; thereby avoiding or dramatically 
reducing the inoculation of freshly cut meat surfaces. 
But before investigating the adhesion phenomenon it was thought 
important to determine the nature of the adhered flora on the meat and 
that along the corresponding process line; the number and types of 
organisms present on each surface in situ were evaluated using standard 
microbiological sampling techniques. 
It is probable that adsorption of organic constituents from the meats 
being processed onto the working surfaces most likely precedes organism 
attachment (Dexter et al., 1975; Baier, 1980). Thus, the relative 
levels of protein, fat, ionic strength and pH of different meat 
extracts were determined; not only to compare the nature of each type 
but also to assess their individual effects on firstly the level of 
contamination obtained in the field and secondly on the level of 
cellular adhesion obtained under controlled laboratory conditions. 
62 
In addition to investigating bacterial adhesion from the ecological 
viewpoint the structural details of the adhered bacterial population 
and that of the corresponding natural substrata were also determined. 
Transmission electron microscopy (TEM) proved useful in determining the 
specific extracellular characteristics of microbial cells which may 
play a role in the adhesion mechanism, while scanning electron 
microscopy (SEM) provided information on the microtopography of the 
substrata and proved useful for investigating the sequential steps of 
biofilm formation in situ. In addition, because both viable and 
non-viable cells can be visualized by'SEM, any adverse damage occurring 
to intact cells or specific appendages, for example during detergent 
cleansing, could be detected. 
3.1.2 Microbiological Sampling of Surfaces 
Microbiologists have been concerned with the detection and enumeration 
of micro-organisms on surfaces for many decades. - Amongst the earliest 
sampling techniques developed in the 1930's were the swab-rinse, the 
rinse and the agar contact methods. The numerous methods described in 
the literature are mainly modifications of these techniques (Green 
et al., 1962; Baldock, 1974). The principal factors which influence 
the selection of a particular technique are, firstly, the, type and 
chemical composition of the surface since certain surfaces may not be 
resistant to particular solvents. Secondly, the expected levels and 
type of microbial contaminants, because heavily soiled surfaces require 
dilution stages, and finally the object of the test, that is, whether 
determining the -levels of contamination or the types of organisms 
present. The meat industry frequently puts such information to use in 
evaluating the efficiency of cleaning and sanitizing compounds and in 
assessing the overall sanitary conditions of processing areas. In this 
study, surface sampling techniques were employed to assess the 
microbial flora associated with the butchering- surfaces, i. e. the 
potential sources of reinoculation. - 
In general there are five basic methods available for enumerating 
micro-organisms on surfaces: the swab-rinse, the surface rinse, agar 
contact methods, direct surface agar plating and the 'Sellotape' 
technique. The advantages and disadvantages of each of these 
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techniques were assessed in order to select the best method which would 
produce valid results rapidly and without extensive interference with 
production line operations. 
The swab-rinse method is adaptable to a' variety of surfaces and can 
provide both qualitative and quantitative information. Although this 
technique is used widely it has certain disadvantages. It has been 
shown (Favero et al., 1968) that there'is poor correlation between the 
microbial contamination present and that recovered by different workers 
using- this technique. This is partially because different types of 
soil or dust to which micro-organisms adhere are removed at different 
rates, depending on the chemical and physical properties of the 
surfaces. In addition, no two people use the swab exactly alike with 
respect to "speed and pressure. The cotton Wool also retains some of 
the micro-organisms causing reduced counts. The use of swabs composed 
of calcium alginate wool instead have been suggested (Higgins, 1950) 
these completely dissolve in CalgonRinger's solution (sodium 
hexametaphosphate) thus freeing the entraped organisms. However, there 
is some evidence that an alginate swab does not remove as many 
organisms from a surface as does a cotton wool swab (Angelotti et al., 
1958) and that the alginate may be inhibitory to some micro-organisms 
(Strong et al., 1961). On the other hand some investigators have 
reported higher recovery using alginate swabs rather than cotton wool 
swabs (Higgins, 1950; Cain and Steel, 1953) and this has influenced the 
use of alginate swabs for the purposes of this study. ,- 
The surface rinse technique is more accurate and precise than the 
swab-rinse method, because the entire surface is sampled. Sampling an 
entire area reduces the error and yields higher recoveries by 
eliminating error introduced by inconsistent or non-uniform 
contamination. However, this method is less frequently used with large 
stationary surfaces where the test liquid cannot always be retained for 
analysis; although there are pieces of apparatus now devised which aid 
the retention of liquids on flat surfaces as used by Maw and Smith 
(1986). 
The agar contact method can be both qualitative and quantitative 
depending on the type of agar medium used. However, it can only 
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quantify relatively low numbers since dilution is not possible. In 
addition, the presence of moulds. and spreading colonies sometimes make 
it difficult to obtain accurate counts. A major drawback is that the 
contact plate cannot distinguish between single cells and/or clumps of 
cells , unlike swabbing which tends to break up clusters of cells, thus 
providing data more representative of a true cell count. 
As a laboratory tool the direct agar plating technique is fairly 
accurate in enumerating surface contaminants. Its application in the 
field, however, is limited because most surfaces of interest are fixed 
and so difficult to incubate at proper temperatures., ' Moreover, it 
cannot be used on inclined surfaces or those containing residual 
amounts of bactericidal or bacteriostatic chemicals which could prevent 
microbial growth. 
The 'Sellotape' method gives a mirror image of the , surface 
contamination and does not distinguish between particles of 
contamination containing one orý more cells. However, it -appears to 
isolate cells which may be firmly attached and not isolated by the 
other methods. - 
Of these five surface sampling techniques described the swab-rinse 
method, despite its very real disadvantages, still remains the only 
established method which can be applied to surfaces of any nature and 
location, and thus was used in this study to determine the level and 
types of organisms present on different meat cutting and processing 
surfaces. No single assay procedure employed can completely 
characterize the microbial contamination of a surface, and for this 
reason a second technique, the 'Sellotape' method, was also considered. 
Both techniques were simple and easy to perform without interfering 
with the work of the plant operatives, and thus, were suitable as field 
tests although they are not precise laboratory techniques for measuring 
surface contamination. To complicate the matter further, there is-no 
single agar medium on which all micro-organism will grow or grow 
rapidly enough to be countable after a relatively short incubation 
period. This necessitated the use of three different, non-selective 
media; Tryptone Soya Agar (TSA), Plate Count Agar (PCA) and All Purpose 
'Tween' agar (APT). 
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For determining the bacterial load on the meat surfaces a modification 
of the more accurate surface rinse method was'use. 
3.2 MATERIALS AND METHODS 
3.2.1 General 
Medical grade calcium alginate swabs, osmium tetraoxide and Bovine 
Serun Albumin (BSA) (crystallized and lyophilized) were obtained from 
Sigma chemicals Limited. Calgon Ringers solution was obtained from 
Oxoid, and bacitracin from Burroughs Wellcome. All other chemicals, 
buffer solutions and growth media were used as in Section 2.1. 
3.2.2 Evaluation of the Working Surfaces 
In situ surface sampling based on a sound statistical method (Niskanen 
and Pohja, 1977), was orientated most heavily towards those areas that 
routinely contacted the meat products, that is, the conveyor belts and 
the different areas on the cutting tables. Beef cutting tables, part 
stainless steel and part polyethylene, and the polypropylene conveyor 
belt (Plate 3.1) were sampled, both prior to and following in situ 
cleansing (Section 2.2.6.1) using 0.5% V/V 'Titan Quatdet SU 321'. 
Pork (Plate 3.2) and bacon (Plate 3.3) cutting stainless steel tables 
and corresponding polypropylene conveyor belts were also sampled; but 
only the pork cutting surfaces were sampled both before and after 
laboratory cleansing (Section 2.2.6.2) using 0.5% V/V, 'Titan Quatdet 
SU 321'. In each case two distinct surface sampling techniques were 
employed. 
(a) The swab-rinse technique 
A standardized area of 400 cm2, of each surface material undertest, was 
demarcated by a cellophane template and swabbed with a pre-sterilized 
calcium alginate swab. The cellophane template used was 'sterilized' 
with industrial methylated spirit between subsequent tests to avoid 
cross-contamination. The same area was sampled with three consecutive 
swabs to obtain a high recovery rate, and at least three random samples 
for each surface type were made to ensure a high degree of confidence 
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by averaging out variations resulting from the non-uniform distribution 
of bacteria. In all cases the first (moistened) swab was carefully 
rolled round the periphery of the defined area and then rotated across 
the defined area and back 20 times. This procedure was then repeated 
at right-angles to the first series of strokes, and the whole procedure 
being repeated using two more swabs. Following swabbing all -three 
swab-tips were broken into the same 9 ml of sterile Calgon Ringers 
solution, and mixed vigorously on a vortex mixer (Whirlmix, Fisons 
Scientific Apparatus) for two minutes to dissolve the alginate and free 
the entraped organisms. Serial decimal dilutions of the resultant 
rinse fluid were prepared in Ringers peptone solution to 10-3, and all 
dilutions plated onto the three non-selective media TSA, PCA and APT, 
using the spiral plater technique (Jarvis et al., 1977). After 
inoculation the plates were incubated aerobically at 10°C for one week 
and at 30°C for 48 hours; 10°C enables the isolation of the 
psychrotrophic spoilage flora while 30°C enables the isolation of 
characteristic microflora of human or animal origin resident on the 
processing-line. 
(b). The. 'Sellotape' Technique 
'Sellotape' strips, of dimension 2 cm x 10 cm were pressed firmly and 
carefully against the solid surface under test to avoid the formation 
of large air bubbles. Once removed the 'Sellotape' strips were 
transferred onto the surface of selected growth media. In addition 
strips of unused 'Sellotape' were also placed over the surface of the 
different growth media to act as controls. With the 'Sellotape' and 
agar surface in contact the plates were incubated at room temperature 
for 2 hours. After this period, the 'Sellotape' was carefully removed 
from the' agar ensuring that the surface was still intact, before 
reincubating the plates at 10°C for one week and 30°C for 48 hours. 
For both techniques the same media and growth conditions were employed 
and each sample was prepared in triplicate. Note: 4.0% , sodium 
chloride was incorporated into all the dilution Ringers and growth 
media used for the isolation of bacteria resident on the bacon 
processing surfaces. 
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3.2.3 Evaluation of Meat Surfaces 
Samples of the meats being processed on the surfaces under test were 
obtained and subsequently analysed for microbial contentr 20g of the 
outer 5 mm layer only of each meat was placed in 50 ml of sterile 
water, and was mechanically agitated with a stomacher for 2-minutes. 
Serial dilutions of the resultant fluid were prepared to 10-3, and all 
dilutions plated on the non-selective media using the spiral plater 
technique. The same media, incubation temperatures and replication as 
for the swab-rinse technique were used. 
The microbiological flora of any single surface is likely to-change 
with duration of time. To determine the level of. such variability the 
whole procedure of surface sampling was repeated after an interval of 
fourteen-months. It must be pointed out that in the second sampling 
session a greater number of samples and replications were used which 
resulted in-a greater number-of organisms being selected and identified 
to genus level. 
3.2.4 Selection and Identification of Isolated Bacteria 
The working and meat surfaces examined have a mixed population of 
resident micro-organisms and the non-selective media used for the 
estimation of organism numbers enabled the determination of the range 
of organisms present. Subsequently, the calculation of the percentage 
distribution of the various organisms on the original surface sampled 
is possible. Representative samples of colonies, however, cannot be 
secured by uncontrolled picking from Petri-dishes, thus statistically - 
based methods have to be used. After the appropriate incubation period 
and standard colony counts, five colonies were selected from each plate 
using the Harrison's disc method (Harrison, 1938; Harrigan and_McCance, 
1976) and then subsequently purified and identified. The Petri-dish to 
be examined was place concentrically on the Harrison Disc (Figure 3.1). 
First all colonies occurring on the areas marked 1 were selected for 
examination. If this did not provide the required number for analysis, 
then all colonies occurring in the areas marked 2 were selected. The 
selection continued into areas 3 and 4 until the desired number was 
obtained. Once a series of numbered sectors had been started, 
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selection continued until all colonies in the series had been marked 
off. Colonies lying over the lines were ignored. Using this 
technique 435 and 1,200 organisms in sampling Sessions' I and II 
respectively were selected and identified to genus level. 
At the first stages of identification a rapid method of distinguishing 
Gram-negative and Gram-positive bacteria, with 3% potassium hydroxide 
solution was used (Gregersen, 1978), in addition to standard oxidase, 
catalase and oxidation-fermentation tests. When these tests and colony 
morphology failed to identify the genus, second stage tests according 
to Cowan and Steel (1974) were performed. These included cell 
morphology, spore - staining, motility, lysine decarboxylase, 
phenylalanine deamination, starch and arginine hydrolysis, standard 
sugar tests, citrate, urease, MRVP tests, and growth in 6% NaCl, at pH 
9.4 and at a temperature of 420C. 
3.2.5 Analysis of Heat Extracts 
Filtrates from raw beef, pork and bacon meats were prepared as 
described in Section 2.2.3. Since the samples under test were in 
liquid form, normal methods for the analysis of meat constituents (Egan 
et al., 1981) could not be employed. Instead analytical methods 
commonly used in other related fields were considered. 
The Cobas Bio centrifugal analyser was used for protein analysis using 
the coomassie blue method as described in detail elsewhere (Bradford, 
1976; Heick et al., 1980; Dilena et al., 1983). To determine the 
protein"content of these extracts, 50 ul of the meat filtrates and BSA 
standards at concentrations of 20,50 and 75 mg 1-1 were placed in 
sample vials and loaded into a Cobas Bio Analyser set at 37°C. The 
total protein content was estimated at a detection wavelength of 280 nm 
by internal reference to a calibration curve constructed from the BSA 
standards; the estimation of protein at 280nm depends primarily on its 
tyrosine and tryptophan content and since BSA possess an 'average' 
tyrosine and tryptophan content it was used for calibration purposes. 
A printed value of the protein content (g 1- for each meat filtrate 
was subsequently obtained. 
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To determine the fat content of the meat extracts the Gerber method 
(BS 696 Part 2: 1969) for the assessment of fat in milk was considered. 
This method has been proven to give results which are in close 
agreement with those obtained by the more accurate Rose-Gottlieb method 
(BS 1742: 1951). 10 ml of-Gerber sulphuric acid (90% Sulphuric acid), 
10.94 ml of meat filtrate and 1 ml of amyl alcohol were carefully added 
to a Gerber butyrometer held in a rack. The lock stopper was inserted 
with a special key before inverting and shaking the tube vigorously 
until no individual droplets remained. With the stopper downwards, the 
tube was placed in a water bath held at 65°C (+ 2°C) for 3-5 minutes 
before transferring to the Gerber centrifuge. The -sample was 
centrifuged at 1100 rpm for 5 minutes and then carefully returned to 
the water bath for another 5 minutes. On removal of the butyrometer 
tube from the water bath, the end of the column of fat was lowered onto 
the graduation mark by means of the key, and the fat content was read 
off directly to the nearest 0.05%, taking the reading from the lowest 
point of the top meniscus. 
The pH of the meat filtrates was measured electrometrically at a 
temperature of 20°C (+2°C). The meter (EIL7050, Kent Electronic 
Instruments Ltd) measured the potential difference between a glass test 
electrode and -a standard calomel electrode calibrated using 
standardised commercial buffer solutions (Oxoid) of accurately known 
pH : pH 4.00 and pH 7.00. 
The ionic strengths of a 1/10 dilution of bacon and neat samples of 
beef and pork extracts were determined indirectly by electrometrically 
measuring the conductivity of the solutions at 20°C (+2°C). The extent 
of conductivity of each sample is dependent upon its total ionic 
content. A conductivity meter, model MC-1 Mark V (Kent Electronic 
Instruments Limited), was employed. For conductivity measurements of 
the bacon extract it was noted that the water used for dilution 
purposes was of a low pH, thus prior to use the water was buffered 
accordingly. 
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3.2.6 Electron Microscopy 
3.2.6.1 Transmission Electron Microscopy 
(a) Preparation of Support Films 
Copper grids were thoroughly cleaned with chloroform and allowed to dry 
in dust free air, simultaneously, 5 glass microscope slides were 
cleaned with 5% V/V 'Decon 90' and with deionized water before drying 
in a dust free atmosphere. The dried slides were wiped with fluff-less 
paper (velin-tissue) and dipped into 0.5% W/V polyvinyl formol 
(Formvar) solution made up in chloroform. On removal, the slide was 
drained and dried near a low Wattage light bulb. The subsequent dried 
plastics film was scored 4 mm in from the edges, and with the scored 
side uppermost the slide was slowly immersed at an angle of 45 
0 into a 
trough of deionized water. Once the film floated freely the slide was 
carefully removed. The cleaned copper-grids were placed on the 
floating film with their shiny side uppermost, leaving a margin for 
picking up. The film plus the grids were removed by inversion onto a 
clean slide (dull side of grids being uppermost) and dried at 60°C for 
10 minutes. A thin layer of carbon was evaporated on to these 
formvar-coated grids using the Edwards 301 vacuum evaporating unit. 
These were then used as support grids with the bacterial specimens 
being prepared using two different methods. The negative staining and 
the metal shadowing techniques. In the former the bacterial particles 
are surrounded by heavy metal atoms which act as an electron opaque 
stain, the electron beam can pass through the organism but not through 
the metallic background. For the metal shadowing technique, metal 
atoms are condensed at an angle onto the faces of the specimen and the 
organisms show up darker providing a good contrast against the light 
background. 
(b) Negative Staining Technique 
100 ml of an 18 hr culture of each organism, grown in TSB at 30°C, was 
centrifuged at 1,200 xg for 10 minutes. The supernatant was discarded 
and the last drops of fluid from the tubes were removed by inverting 
the tubes on to adsorbent tissue. If fluid had remained when the 
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pellet was resuspended, low molecular weight material may have 
contaminated the specimen. Any drops on the edge of the tubes were 
dried beforereverting and resuspending the pellets in 0.5 - 2.0 ml of 
sterile deionized water; the exact amount required to obtain an 
opalescent suspension was governed by the size of the pellet. Enough 
bacitracin (used as a wetting agent (Gregory and Pirie, 1973), was 
added to the suspension to obtain a final concentration of 30 )lg ml-1. 
0.5 ml volumes of both the sample containing bacteria and 4% 'Analar" 
phosphotungstic acid at pH 6.0 (pH adjusted with 1N potassium 
hydroxide), were mixed. A drop of the mixture was transferred by 
Pasteur pipette to a coated copper grid. Enough liquid was added to 
cover the grid right to the edge, then most of the drop was retracted 
leaving a thin film which was allowed to- dry in air at room 
temperature. The sample was examined using a JEOL JEM 100B 
transmission electron microscope at 80 KV. 
(c) Metal Shadowing 
The organisms were grown and centrifuged as for the negative staining 
technique, the supernatant discarded and the final pellet resuspended 
in 5.0 ml of deionized water. One drop of the bacterial suspension was 
transferred to the coated grids and after 30 seconds the excess liquid 
removed with filter paper before rinsing the grids with sterile 
deionized water quickly, but carefully. The specimen was thoroughly 
dried in a desiccator overnight before shadowing at' 300 angle with 
gold-palladium, and viewing in a JEOL JEM 100B transmission electron 
microscope at 80 KV. 
3.2.6.2 Scanning Electron Microscopy. 
Both laboratory and field samples were viewed under the scanning 
electron microscope. , 
In the laboratory small squares, 
unused samples of each type 
sonication in 5.0% 'Decon 90', 
deionized water and air dried. 
dry-cycle autoclaving at 1210C f 
ca. 5x5 mm, were cut from previously 
of substratum material, cleaned by 
for 10 minutes, rinsed 4 times with 
Each sample was then sterilized by 
or 20 minutes, before being exposed to 
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phosphate buffer suspensions, of the different bacteria, by total 
immersion for 18 hours at 20°C. They were then drained by holding them 
vertically against sterile filter paper for 10 seconds, and washed by 
passing each through a succession of 50 ml volumes of sterile deionized 
water. All the squares were examined by SEM following fixation and 
dehydration. 
A stainless steel sheet (60 cm x 60 cm). was placed over a stainless 
steel pork processing table at the Horsham works and used as a routine 
butchering surface for 2.5 hours. At time in-. ervals of 0,30 minutes, 
and 2.5 hours,, 1 cm strips were cut off and fixed in 3% glutaraldehyde 
containing 3% W/V sodium chloride, for 48 hours. The stainless steel 
strips were examined by SEM following post fixation and dehydration. 
All samples were fixed and dehydrated as follows: - (a) Fixed in 3% V/V 
glutaraldehyde in 0.1M sodium cacodylate buffer at pH 7.0 and 3% W/V 
sodium chloride (this stage was performed in situ for the field sample, 
(b) Washed 2x in 0.1M sodium cacodylate buffer with, 3% W/V sodium 
chloride by immersion for 10 minutes, (c) Post-fixed in 1% W/V osmium 
tetraoxide in 0.1M sodium cacodylate buffer for 3 hours, (d) Washed 2x 
in 0.1M sodium cacodylate without salt for 10 minutes, (e) Dehydrated 
through an ascending series of acetone concentrations V/V (30% x 3, 
50%, 70%, 90%, 95%, 100% x 2), allowing approximately 15 minutes at 
each step, (f) Critical point dried (Polaron Critical point drying 
apparatus E 3000) using liquid carbon dioxide as the transitional fluid 
at 'a pressure of 8,900 - 9,700 KNm 
2, 
and (g) Attached to specimen 
stubs with conductive silver paint for sputter coating with gold 
(Nanotech Gold sputtering unit) and viewing. A Cambridge Stereoscan 
S250 scanning electron microscope operated at 20KV was used. 
In all cases soiled surfaces were examined both prior to and following 
detergent cleansing (as described in Section 2.2.6) using 0.5% V/V 
'Titan Quatdet SU 321'. 
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3.3 RESULTS 
3.3.1 Surface Sampling 
The entire sets of test results for organism identification in both 
sampling sessions are given in appendix III. 
The swab-rinse technique provided both an evaluation of surface 
contamination (Table 3.1(a) and Figure 3.2) and an estimation of the 
range of bacteria present (Table 3.2). The second replicative 
technique enabled isolation of a similar range of organisms (Figure 
3.2), although the numerical data was obscured by confluent growth and 
thus is not included in the text. No growth of bacterial or yeast 
colonies was obtained on the control plates containing 'sterile' strips 
of 'Sellotape'. From the results given in Table 3.1 (b) and Figure 
3.2 it appears that TSA medium gives the widest range and the greatest 
number of organisms isolated. Conversely, PCA and APT media enable 
respectively the isolation of larger numbers or a wider range of 
organisms only. For this reason TSA was used as the growth medium for 
all subsequent experimentation. 
For both sampling sessions I (Tables 3.1(a) and (b)) and II (Table 3.4) 
similar numbers of organisms were isolated at the two incubation 
temperatures after 7 days at 10°C and 2 days at 30°C. 
3.3.1.1 Sampling Session I 
During Session I the beef, pork and bacon cutting tables and 
corresponding conveyor belt systems were sampled for the numbers and 
types of organisms present. 
Although similar numbers of organisms were isolated at the two 
incubation temperatures (Table 3.1(a)) subsequent characterization 
showed the type of organisms to be different (Table 3.2). A relatively 
greater percentage of Gram-positive bacteria, mainly Micrococcus and 
Staphylococcus, were isolated at 30°C while almost equal numbers of 
each group were obtained at the lower temperature of 10°C. 
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The standard identification tests grouped 435 selected isolates into 16 
different genera and yeasts as listed in Table 3.2. The six most 
frequently occurring organisms were Micrococcus, Moraxella, Neisseria, 
Pseudomonas, Staphylococcus and Yeasts. 
From Tables 3.1(a) and 3.2 it appears that for the beef-line relatively 
lower numbers of organisms were isolated from the plastic cutting 
tables than from the stainless steel, although the percentage of 
Gram-positive (50%) and Gram-negative (37%) organisms isolated for each 
were similar. In contrast for the bacon-line, the stainless steel 
cutting tables were primarily populated with Gram-positive bacteria 
(76%) while the heavier load of the corresponding plastic conveyor 
belts was dominated by Gram-negative bacteria (76%). For pork, only 
stainless steel cutting tables were available for analysis, and these 
appear heavily populated by Gram-negative bacteria (67%). In general, 
when considering individual genera most appear common to both types of 
substrata, with the exceptions of Aeromonas, Kurthia, Lactobacillus 
and Vibrio being detected on the stainless steel work surfaces only. 
The detergent cleaning dramatically lowered the numbers of both 
Gram-positive and Gram-negative bacteria isolated from either surface 
material (Table 3.1(a)); a reduction range of 63-99% was obtained. 
Although for the stainless steel (Table 3.2) organisms such as 
Moraxella, Pseudomonas and yeasts were isolated in greater numbers, the 
isolation levels of others such as Actinobacillus, Aeromonas, Bacillus, 
Flavobacterium, Lactobacillus and Vibrio were much reduced. In 
addition, the mixed flora of the plastics (Table 3.2) was reduced to 
one consisting primarily of Gram-positive Micrococcus or 
Staphylococcus, while Neisseria and Staphylococcus when present on the 
stainless steel were apparently unaffected. 
3.3.1.2 Sampling Session II 
During Session II only the pork and bacon cutting tables and 
corresponding conveyor belts were sampled with respect to the numbers 
and types of organisms present. 
/ 
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As for session I, standard identification tests were used to group 
1,200 selected organisms into 31 different genera, as listed in Table 
3.3. The six most frequently occurring organisms belonged to the 
genera Acinetobacter, Alcaligenes, Branhamella, Micrococcus, Moraxella 
and Pseudomonas. 
The majority of the organisms isolated, including Acinetobacter, 
Alcaligenes, Branhamella, Corynebacterium, Flavobacterium, Micrococcus, 
Moraxella and yeasts were common to both the stainless steel and the 
plastic substrata (Table 3.3). Only the organisms Lamella, 
Erysipelothrix and Salmonella showed any out right preference for 
stainless steel and were isolated solely from these surfaces. 
Cleansing of the work surfaces with the quaternary ammonium detergent 
reduced the numbers of bacteria isolated by 90-99% (Table 3.4). When 
considering the types of organisms , affected (Table 3.5) it was found 
that the detergent cleansing greatly reduced the number of Alcaligenes, 
Branhamella, Benekea, Neisseria, Pseudomonas, Streptococcus and 
Actinobacillus isolated; with those present initially at low levels 
being completely undetected after cleansing. In contrast yeasts and 
the genera Aeromonas, Corynebacterium, Moraxella, Micrococcus, 
Staphylococcus and Yersinia appeared to be unaffected by the 
detergent, while others, such as Proteus and Acinetobacter were 
isolated in higher numbers. A few organisms, such as Brochothrix, 
Gamella and Kurthia were isolated only after the cleansing treatment. 
For the meats a different range of organisms were isolated from raw 
pork and bacon surfaces (Table 3.3); with the Gram-negative organisms 
Alcaligenes, Acinetobacter, Branhamella, Brucella and Moraxella, and 
the Gram-positive organisms Corynebacterium and Micrococcus being 
common to both. In addition, the organisms Benekea and Yersinia were 
isolated from the bacon only, contrasting with the more diverse range 
of organisms Bacillus, Flavobacterium, Kurthia and Pseudomonas, 
isolated from pork. 
On comparison of data in Table 3.4, one hundred-fold differences were 
observed in the number of organisms present on the working surfaces and 
those present on the corresponding meats under production; for pork the 
numbers on the working surface were greater, while for bacon the 
greater levels were obtained from the meat surfaces. 
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3.3.2 Nature of the Heat Extracts 
The, protein and fat contents, conductivity and pH of the different raw 
meat filtrates were determined, and the results tabulated (Table 3.6). 
Beef and pork extracts appeared to have an identical (5.6 mgl-1) 
protein content, whereas that of bacon was approximately four times 
greater. The ionic strength of each sample followed the same trend; 
beef and pork exhibited similar conductivity values of 2.56 x 103 and 
2.50 x 103 )iSm 
1 
respectively, whereas the value for the bacon filtrate 
(13.4 x 10 
pSm 1) 
was again almost four times greater. It is possible 
that the high level of salt in bacon may have helped to solubilize the 
proteins. In addition, the fat content of lean bacon and pork ( 7.0%) 
was greater that that of lean beef (4.5%), with the values being in 
good agreement with those given by Paul and Southgate (1978). The pH 
of the meat extracts ranged between pH 5.4 for bacon and pH 6.0 for 
beef. 
3.3.3 Electron Microscopy 
Metal shadowing proved the superior preparative technique for the 
observation of specific attachment appendages such as flagella. In 
contrast, very poor quality specimens were obtained with negative 
staining, where the delicate appendages appeared to have been detached 
during specimen preparation. 
From the photomicrographs of the bacteria (Plates 3.4 and 3.5) it 
appears that the non-motile Acinetobacter and Moraxella test strains 
were rod-shaped and possessed no specific extracellular appendages or 
capsules unlike certain members of these genera (Bergey's manual, 
1974). Conversely, the very motile rods Enterobacter and Pseudomonas 
species appeared to be multi-flagellate; the Enterobacter being 
peritrichously flagellate while the Pseudomonas was polarly-flagellate. 
The Staphylococcus species (Plate 3.6) differed from these organisms in 
being non-flagellate and coccoidal in shape, as expected. 
It is apparent from SEM photomicrographs of chemically cleaned, unused 
substrata that in contrast to polypropylene 'i3' (Plate 3.7A) both the 
stainless steel (Plate 3.7B) and polyethylene '11' (Plate 3.8) surfaces 
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were not smooth at the microbial level. Observation of bacterial 
attachment to these microscopically rough surfaces, under laboratory 
conditions, has shown the bacteria to be spread non-uniformly over the 
substratum as represented by Pseudomonas adhering to stainless steel 
(Plate 3.9A), where many areas had a high concentration of cells while 
others were devoid of bacteria. When present, the cells were not 
solely aligned along the grooves or crevices as suggested by Costerton 
et al., (1978), but were also found on the smoother exposed regions 
(Plates 3.9B and 3.1OA). Conversely at the smoother Polypropylene 'B' 
Pseudomonas attached in a uniform attachment pattern over the entire 
surface (Plate 3. MOB). 
When observing the formation of a biofilm during meat processing the 
clean stainless steel butchering surface (Plates 3.11A and B) was 
contaminated rapidly, within 30 minutes, by meat fibres and their 
associated flora (Plates 3.12A and B). In the following 2 hours 
(Plates 3.12C; 3.13) the film' thickness gradually increased due to 
further deposition of meat fibres and bacteria. Similarly, under 
laboratory controlled conditions, bacteria attached well to surfaces 
pretreated with meat filtrates (Plate 3.14). In both laboratory and 
field cases is was difficult to distinguish whether the fibrils 
associated with the organisms were attachment appendages or meat 
fibres. Conversely, no such fibrillar structures were observed for the 
pure laboratory cultures adhering to the same clean substrata (Plates 
3.15). However, at the clean plastic surfaces there appears to be some 
evidence for the presence of extracellular material, as represented by 
polypropylene 'B' in Plates 3.16 and 3.17. 
From Plate 3.18A it can be seen that treatment of the biofilm with the 
detergent 'Titan Quatdet SU 321' dramatically reduced the level of meat 
fibres and entraped organisms present and only those protected in the 
crevices (Plate 3.18B) or within thick meat deposits (Plate 3.18C) 
survived. In all cases the cleaning treatment did not appear to return 
the surfaces to their original unused state; many of the areas were 
clean with no debris or microbes while in others meat fibres and 
bacterial cells were still present, although at reduced levels. When 
the effect of the detergent was demonstrated in the laboratory it was 
found that 0.5% V/V 'Titan Quatdet SU 321' not only dislodged most of 
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the organisms from the substratum but also appeared to have inactivated 
others by distortion or disruption of their cell wall, as represented 
by Pseudomonas adhered to the stainless steel substrata (Plate 3.19). 
Supporting evidence for this is given in Chapters 6 and 7. 
Only organisms which are able to survive in the high salt content of 
bacon were likely to be present on the corresponding working area; 
mainly those transferred from the meat surface, and any contaminants 
arising from external sources, such as air, water or cutting utensils, 
which can withstand such conditions. The organisms obtained from the 
environment may only tolerate the presence of high salt concentration 
and may not be able to grow, in which case they are unlikely to have 
had a dramatic effect on contamination levels. In contrast, the 
pork-line with its increased meat juices and lower salt concentration 
is more likely to have provided a favourable environment for cell 
growth. The organisms isolated from the pork surfaces can be found in 
other habitats and probably do not require specific growth conditions. 
These organisms, along with those obtained from external sources were 
more likely to proliferate in the presence of increased nutrients 
available on the pork-line thereby increasing the initial microbial 
load. However, subsequent analysis has shown that bacteria adhered to 
meat-liquor treated surfaces under laboratory conditions fail to 
replicate at the surface (Section 6.3). Contamination is thus likely 
to be a direct result of organism transfer from other surfaces coming 
into contact with the cutting tables, such as the meats, the workers or 
the processing tools. 
It is arguable that the greater the bacterial load of the meat, the 
greater will be the contamination of the corresponding processing 
surface and Vice Versa. The results suggest then that the beef and 
pork meats were each heavily contaminated by a range of different 
genera. In addition external sources must have contributed 
substantially 'to the microbial load of heavily soiled areas since not 
all the organisms isolated from these surfaces could be found on the 
congruent cuts of meat. Only, 48% of the organisms were isolated from 
both the work surface and the corresponding meats, and were probably 
present on both surfaces as a consequence of transfer from one to the 
other. These include the genera Acinetobacter, Alcaligenes, 
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Branhamella, Bacillus, Corynebacterium, Flavobacterium, Micrococcus, 
Moraxella, and Pseudomonas. These bacteria are likely to dictate the 
eventual shelf-life of the meats, since organisms unable to transfer 
during processing will not spread and consequently will not affect the 
bacterial load of the final product. For bacon, all the meat organisms 
were also isolated from the corresponding working area, suggesting a 
high transfer rate between the two contacting surfaces. 
The ability of organisms to transfer from the work surface onto the 
meats during processing will not automatically result in extensive 
levels being obtained for rapid spoilage. It is more likely that some 
intrinsic characteristics of the carcasses and their surfaces influence 
the level of contamination obtained and the eventual shelf-life of the 
product (Kriaa et al., 1985). For example, the genera Pseudomonas, 
Micrococcus, Moraxella, Acinetobacter, Enterobacter, Bacillus, 
Lactobacillus, Staphylococcus, Corynebacterium, Flavobacterium, 
Brochothrix and Kurthia have all been regularly found on meats at the 
beginning of cold storage (Gardner, 1965; Gardner et al., 1967; 
Blickstad et al., 1981) However, the spoilage slime and off-odours are 
mainly attributed to the presence of the Gram-negative rods 
Pseudomonas, Acinetobacter and Moraxella (Ayres et al., 1980; Dainty 
et al., 1983). Brochothrix thermosphacta has also been detected in the 
aerobic spoilage flora of meat (Gardner et al., 1967) although its 
presence is thought not to be important in spoilage except possibly on 
lamb (Barlow and Kitchell, 1966). 
3.4 DISCUSSION AND CONCLUSIONS 
Both the assay procedures employed for evaluating the contamination 
levels of the meats and processing equipment were dependent upon the 
reproduction of micro-organisms to form countable colonies. However, 
the two techniques used provide results which differ in their 
interpretation; the 'Sellotape' technique cannot distinguish between 
contamination by single cells and that by a clump or microcolony, 
whereas the swab-rinse technique tends to break-up cell clusters and 
provides a more realistic total cell count. In the course of this 
study, the latter method yielded a more accurate evaluation of surface 
contamination whereas confluent growth was obtained for the 'Sellotape' 
8U 
technique since dilution was not possible. The 'Sellotape technique 
did, however, prove effective in isolating a similar range of organisms 
to that obtained with the swab-rinse methods (Figure 3.2). This 
suggests that the calcium alginate swabs used in the latter method were 
unlikely to have had an adverse effect on the bacteria isolated. 
Two sampling exercises (fourteen months apart) were undertaken to 
determine the number and types of organisms normally present on the 
meat and the corresponding work surfaces. In both a greater range of 
psychrotrophic organisms than mesophiles were isolated; a result in 
1ryPrt o1a 
agreement with Schwach and Zottola (1982). A number of4organisms 
isolated in the first Session (Table 3.2) were also isolated at similar 
levels during the second (Table 3.3); these included Enterobacter, 
Micrococcus, Pseudomonas and yeasts. Others, however, were isolated at 
either increased levels (Acinetobacter, Alcaligenes and Moraxella) or 
at reduced levels (Flavobacterium, Bacillus, Neisseria and 
Staphylococcus). The detection of Staphylococcus at reduced levels 
during Session II may be attributed to the fact that the beef-line, 
which was heavily populated with Staphylococcus in Session I, was not 
available for subsequent analysis. 
It is possible that cell wall characteristics of the organisms as 
differentiated by the Gram-reaction may influence attachment ability, 
however, no consistent evidence for this was provided from the data. 
In some cases, for example, the beef-line (Table 3.2), a similar 
percentage of Gram-positive and Gram-negative bacteria were isolated 
from different substratum materials. In contrast for the bacon-line 
(Table 3.2) a high percentage of Gram-positive bacteria were isolated 
from the stainless steel while the Gram-negative bacteria were found to 
predominate on the polypropylene. However, during each sampling 
session most of the organisms isolated were found to occur on both the 
plastic and the stainless steel substrata; thus indicatin no 
ppp4reýýýý 
particular preference for either type of surface material. the 
organisms Gamella. Lactobacillus and Salmonella showed a,, preference 
for the hydrophilic surfaces. 
Generally, the total number (Table 3.4) and range (Table 3.3) of 
organisms isolated in the second sampling exercise were much 16 $i' . 
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as those obtained in the first (Table 3.1 (a) and 3.2). Most of the 
variations were probably a consequence of the increased numbers 
selected for identification which enabled the isolation of organisms 
present at relatively low levels, thereby extending the species list 
and providing a more accurate representation of the resident microbial 
flora. However, the difference in the total viable counts 
obtained for the two sampling sessions (Table 3.1(a) and 3.4) suggests 
that the increased efficiency of sampling alone cannot account for the 
discrepancies; it is quite possible that a heavier and/or varied load 
of bacteria may well have been present. 1 11 )(. 
In the first sampling session, no organisms were isolated from the 
different meats tested. All the meats were unavoidably refrigerated 
for 24 hours prior to sampling, and this may have had an adverse effect 
on the organisms present. It is generally accepted that refrigeration 
increases the bacterial load, and that a greater number of organisms 
than originally present would have been isolated. However, it is 
probable that the total bacterial load on the meat was much lower than 
anticipated, causing the high dilutions used during sampling and 
plating to be unsuitable. In contrast, for the second sampling 
exercise a large number of organisms were isolated using the same 
techniques but without prior refrigeration. This does not necessarily 
suggest that the refrigeration had an adverse effect on the microbial 
load, since substratum tests in the latter trial (Table 3.4) have shown 
the contamination levels also to be/greater. This increase 
in cell concentration must have been sufficient enough not to be 
dramatically affected by the dilution factors introduced in the 
stomacher and spiral plater techniques. As a result of this, a 
comparative analysis of the natural flora of the meats being processed 
during the two consecutive trials was not possible, and subsequent 
discussion has been limited to the results of the second sampling 
session only. 
A comparison of contamination levels of the meats and their 
corresponding working area (Table 3.4) has shown a hundred-fold 
difference in the numbers of organisms present; for bacon the numbers 
on the meat surface were greater, while for pork the working tables had 
the heavier load. 
82 
The results (Table 3.1(a), 3.2,3.4 and 3.5) indicate that the 
detergent, 'Titan Quatdet SU 321', is very effective in removing or 
inactivating-, most of the microbial, flora likely to cause spoilage 
problems. However, the organisms Aeromonas, Corynebacterium, 
Micrococcus, Staphylococcus and yeasts appeared virtually unaffected by 
the treatment, and were either resistant to the quaternary ammonium 
detergent or were physically protected in grooves or within a 
microcolony. One--group of organisms were isolated only, or in greater 
numbers, after detergent cleansing; only once the, predominant flora 
mentioned had been removed by cleansing did these resistant organisms 
have an increased chance of being isolated and statistically selected 
for identification. In addition it is possible that the detergent used 
did not inactivate these particular organisms but interfered with their 
adhesive properties by, for example affecting the stability of any 
polymeric exudates produced. Such interference may have made the 
attachment bond weak, but not sufficiently enough to remove the cells 
during the cleaning procedure. However, the reduced forces of adhesion 
(as shown in Section 7.3) may have enabled greater numbers to be 
isolated during vigorous swabbing, thereby indicating the presence of a 
greater number of these organisms on the work surfaces immediately 
after detergent treatment. Once weakly attached these organisms may 
eventually have been inactivated by the residual levels of the 
detergent. It is probable that organisms which are dislodged from the 
surface but not inactivated will cause further problems since they will 
be more readily transferred. In addition . 
if residual levels of 
detergent are inadequate to suppress growth those organisms remaining 
will replicate and the bacterial load will again increase. This is of 
particular importance because processing usually begins after an 
overnight period during which only the residual levels of detergent 
sanitiser in the water-film acts to prevent contamination. It is, 
therefore, essential that the detergents employed completely inactivate 
the range of organisms present as well as aiding their physical 
removal.. 
The diversity in the numbers and types of organisms isolated from the 
working environment have suggested a number of different sources of 
contamination; including water, air, soil from the hide, faecal 
material and surfaces which have been in contact with meat, for example 
cutting boards and knives. 
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Bacteria commonly found in water are chiefly species of Pseudomonas, 
Proteus, Micrococcus, Bacillus, Alcaligenes, Corynebacterium, Serratia, 
Streptococcus, Enterobacter and Escherichia (Ayres et al., 1980), and 
the presence of such organisms in the meat processing plant probably 
originate from the washing water used for cleansing both the animal 
carcasses and the processing equipment. In contrast to air, water as a 
source of contamination is important with respect to the types of 
organisms it may introduce into or onto the meat product rather than 
the actual load. Micro-organisms present in air have little or no 
opportunity to grow but, merely persist there and the kinds that are 
more resistant to desiccation will survive the longest. Cocci usually 
are more commonly found in air than rod-shaped bacteria, although the 
exact population in a plant will be related to air quality outside the 
plant and the level of activity of the workers. Bacillus and 
Micrococcus, isolated in this study are thought to have originated from 
the surrounding air and dust. Although Staphylococcus may be found in 
air, it is rarely a contaminant of food from this source (Jay, 1986). 
Any of the organisms isolated in this investigation may have originated 
from the hide or from internal organs of the slaughtered animal. For 
example, Enterobacter, Lactobacillus, Proteus, Pseudomonas, Serratia 
and Streptococcus have been recovered from lymph nodes (Ayres et al., 
1980). Salmonella are also regularly isolated from the gut of mammals 
and birds (chickens). Apart from the slaughtering process, by means of 
which they may gain direct access to the product, bacteria from the 
intestinal tract are often spread via waste water and thus get onto 
forage material when water that is not drinking water (river water) is 
used for irrigation (Heinzel, 1984). Finally man himself plays quite 
an important part as a carrier (Deseo and Engeli, 1979). Personnel in 
meat processing plants can contaminate the meats during handling and 
processing (de Wit and Kampelmacher, 1981). Seligmann and Rosenbluth 
(1975), suggested that workers shed 103 - 104 viable organisms 
minute-1. The numbers and types of organisms are closely related to 
the subjects working environment. The most probable isolates from this 
source are Micrococcus and Staphylococcus. Food poisoning 
Staphylococci are widely distributed and meat can become contaminated 
from both animal and human sources. However, the proportion of 
enterotoxin producers is lower amongst Staphylococcus isolates of 
animal origin than amongst those from humans (Sinell et al., 1975). 
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Under normal conditions most kinds of potential spoilage organisms are 
present in the meat processing plant and will, grow if favourable 
conditions present themselves (Frazier and Westhoff, 1978). When 
considering the range of sources of contamination is it surprising that 
the processing surfaces carry such a heavy bacterial load. 
An assessment of biofilm formation using scanning electron microscopy 
has shown both attachment and entrapment (Plates 3.12- 3.18) to be 
involved in retaining bacterial cells at the substratum. Similar 
observations have been made by other workers for inert surfaces (Geesey 
and Costerton, 1979; Baker, 1984; Schwach and Zottola, 1984) and for 
meat surfaces (Thomas and McMeekin, 1981a). From a hygiene point of 
view both attached and entraped cells are significant since both are 
able to replicate, transfer and contaminate contacting surfaces. 
Transfer of attached organisms appears to occur readily; in less than 
30 minutes organisms were transferred from pork meat to the contacting 
stainless steel surface, and actual numbers present increased with time 
(Plates 3.12 - 3.13). Other investigators (Zoltai et al., 1981; 
Schwach and Zottola, 1982) found rapid cell transfer to occur, under 
both laboratory and field conditions, to a range of surfaces including 
glass, aluminium and gold foils, and stainless steel. It is this 
transfer of organisms from one surface to the next which is of greatest 
significance to meat industry hygiene. Although the influence of 
entraped cells can be minimized by physical or chemical removal of the 
entraping body, for example by detergent cleansing, removal of bacteria 
attached directly to the substratum has proved difficult (Kotula 
et al., 1974; Notermans and Kampelmacher, 1975a; Emswiler et al., 1976; 
Notermans et al., 1980), and emphasizes the fact that resolution of the 
attachment mechanisms of potential spoilage and pathogenic organisms 
may provide one way of achieving greater control over product 
contamination. 
Previous workers have shown bacterial adhesion to depend not only on 
the origin (Notermans et al., 1980) of the organisms but also on its 
individual characteristics (Butler et al., 1979) and physiological 
state (Fletcher, 1977). Four potential spoilage organisms 
(Acinetobacter, Enterobacter, Moraxella and Pseudomonas) and one 
potential pathogen Staphylococcus were selected from the isolates for 
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attachment studies. These five genera were chosen not only because of 
their common association with meat spoilage, but more importantly to 
provide a"range of organisms with diverse individual characteristics 
(such as shape and size) and different origins. At this stage it was 
necessary to determine whether these organisms possessed certain 
characteristics which may influence their attachment capabilities, for 
example motility, fimbriae, flagella or production 'of extracellular 
fibrils. Scanning and Transmission electron microscopy used in 
conjunction with standard microbiological staining techniques aided the 
microstructural characterization of both the organisms and the working 
surface. In addition the nature of biofilms and their subsequent 
disruption, for example by detergents, was assessed. 
The five organisms isolated from the same place at the' same time, 
treated in exactly the same manner were examined and found to be 
structurally distinct. Some species of the Gram-negative rods 
Acinetobacter and Moraxella possess fimbriae (Bergey's manual, 1974) 
which may aid their particular adhesion 'mechanisms (Belas and Colwell, 
1982). However, the species isolated in this case'did not possess such 
specific structures and adhesion was probably dependent 'upon other 
inherent characteristics. Similarly, the Gram-positive staphylococcal 
cell surface is devoid of structural appendages. Additionally, all 
three of the organisms lacked flagella and being non-motile have a 
reduced probability of finding a suitable substratum for adhesion; 
their movement is solely dependent upon convectional currents and 
Brownian motion. In contrast, the Gram-negative organisms Enterobacter 
and Pseudomonas both possessed flagella which could aid their adhesion 
capacity by either increasing the probability of finding a suitable 
substratum or due to their particular structural dimensions may allow 
penetration (Brinton et al., 1954; Rosenberg et al., 1982) of the 
repulsive barrier existing between the two contacting surfaces, 
particularly when the potentials are low (Marshall, 1976). 
From the results obtained in situ it was very difficult to ascertain 
whether the bacteria produced special 'fibrils to aid adhesion, as 
demonstrated by other workers (Firstenberg-Eden et al., 1979, McMeekin 
et al., 1979; Thomas and McMeekin 1980; 1981a and b; Firstenberg-Eden, 
1981; Schwach and Zottola, 1982), since they were difficult to 
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distinguish from the background debris of meat fibres (Plates 3.12 - 
3.13). None of the pure isolates under laboratory conditions produced 
such fibrils when adhered to the same type of stainless steel surfaces 
(Plates 3.15) and thus the fibres associated with the organisms on such 
surfaces in the field were most probably meat fibres. This suggests- 
that either the bacterial strains tested do not require fibrillar 
material for attachment to stainless steel substrata or that the 
laboratory strains may have lost the ability to form fibrils through 
consecutive subculturing stages, especially since Notermans et al., 
(1980) have shown methods of culturing to influence attachment. The 
latter however is unlikely since under laboratory conditions distinct 
fibrillar material was observed between the cells and the polypropylene 
'B' substrata (Plates . 3.16 - 3.17) for both Gram-positive and 
Gram-negative bacteria; suggesting that an extracellular polymeric 
material was produced to aid cell attachment to plastic surfaces. 
Alternatively these may be artifacts of the SEM preparative technique 
(Speers et al., 1984), however this to is unlikely since no such 
artifacts were obtained when the same bacteria were found adhered to 
stainless steel substrata (Plates 3.15A and B). In the latter case it 
is possible that a hydrated polymeric exudate is produced (Geesey 1982) 
which is lost during the critical point drying stages in SEM 
preparations. 
Examination of the materials polypropylene 'B', polyethylene 'II', and 
stainless steel, commonly used in the meat industry, has-revealed the 
polyethylene 'II' and stainless steel surfaces not to be smooth at the 
microbial level (Plates 3.7 - 3.8). The former being the roughest 
material provides the greatest area for adhesion and organism 
entrapment; as evident from the attachment data in Section 6.3. 
Examination of the adhered flora on both substrata has shown the 
organisms to be distributed non-uniformly over the entire surface 
(Plates 3.9A). The non-uniform spread may be an indication of the 
specificity involved in the interaction between the bacterium and the 
contacting surface (Patterson, 1972). Attachment at polypropylene 'B' 
surfaces (Plates 3.10B), however, was more uniform, indicative of 
non-specific interaction or suggesting that adsorbed bacteria inhibit 
subsequent adsorption of new cells (Nelson et al., 1985). On the 
rougher surfaces the position of the attached bacteria was not 
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significantly affected by the presence of grooves; although some 
bacteria did lodge in the crevices others were found on the smoother 
areas (Plates 3.9B and 3.10). A result which contradicts the 
observations of Geesey and Costerton (1979), but is in agreement with 
the findings of Speers et al., (1984) and van Pelt et al., (1985). It 
is important to note that in the field the organisms are more likely to 
be confined to crevices where they are protected against environmental 
stress or shear, forces. In addition, it is possible that the grooves 
provide greater physical contact with the bacterial outer cell wall 
surface, - thereby increasing the adhesive forces, and consequently 
greater shear forces are required for the-removal of such organisms, 
unlike those present on the smooth areas where relatively less physical 
contact is involved. This may provide one explanation for the 
observations of Geesey and Costerton (1979). 
When the surfaces were cleaned with the detergent (Tables 3.4 and 3.5) 
a reduction in the total number of organism was obtained by either an 
inactivation of the cells or by physical removal. The cells that 
easily detached were most probably those which were attached either to 
each other or were entraped in the meat debris. In situ many cells 
'remained attached after cleansing but mainly in the grooves. It is 
difficult to ascertain from the photomicrographs as to which of the 
remaining cells were still viable and which were not, since the 
electron microscope is unable to distinguish between the two. It is 
thus possible that the organisms present in the cracks and crevices 
were inactivated by the detergent and, although dead, were not 
dislodged by the brushing action. Organisms present on the smoother 
exposed areas were mostly eliminated and those remaining were so 
distorted by the detergent (Plate 3.19) that they were unlikely to be 
viable. However, further studies with 'Titan Quatdet SU 321' are 
needed to verify this. 
During carcass processing meat fibres along with their adherent or 
entraped flora are almost instantaneously deposited on to the working 
surfaces (Plates 3.12A and B) and were shown by the detergent 
experiment (Plate 3.18A) to be just as easily removed. This ease of 
removal makes them a potential sources of contamination for newly 
exposed surfaces. To reduce transfer and consequently contamination it 
is essential that routine cleansing removes all the debris and its 
inherent population of organisms. 
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In addition to meat debris, meat juices will always be present onrthe 
working surface. The presence of these constituents may enhance or 
inhibit the adhesion process of the bacteria, and for this reason the 
nature of the raw meats (beef, pork and bacon) being processed, and 
their subsequent effects on the adhesion mechanisms of bacteria were 
assessed. Generally with the exception of fat content, the pork and 
beef filtrates were found to be similar in overall composition 
(Table 3.6). A direct comparison of data obtained using beef and pork 
extracts may enable evaluation of the effects of lipids on adhesion. 
Conversely, the influence of proteins on This parameter may be assessed 
by comparison of data using bacon and pork filtrates where the fat 
content is similar, but the protein content is distinct. However, in 
the latter case the lipid types may differ and such differences must be 
considered in the final analysis. 
Inevitably, the ionic strength of each solution is likely to have a 
significant effect on adhesion, since it influences not only the 
properties of the sorbent but also the adsorption behaviour of the 
polymers in solution, for example proteins. The greatest effects are 
therefore most likely to be exhibited by the bacon filtrate which has 
the highest ionic strength, protein and fat content. It, therefore, 
appears that careful comparative analysis of subsequent data obtained 
for the different extracts may provide an insight into the independent 
and combined influences of proteins, lipids or ionic concentration on 
the adhesion of bacteria to solid surfaces. The influence of pH is not 
predictable from such data since the pH of all the meat extracts tested 
was similar (Table 3.6). 
Previous investigators have shown bacterial adhesion to be dependent 
not only on the biological nature of the organisms but also on the 
physical and chemical characteristics of bacteria, the substratum and 
the immediate environment. For the purposes of such a study as this it 
is essential that both the biological and physicochemical characters be 
evaluated in the context of the meat processing environment. At this 
stage, having assessed the structural and biochemical nature of a 
selected range of bacteria, and the' microtopography of the attachment 
substrata, it was important to evaluate the physicochemical properties 
of both contacting surfaces before undertaking controlled adhesion 
experiments in the laboratory. 
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3.5 Selection of typical species for subsequent attachment 
studies 
The heterotrophic and pathogenic bacteria that are commonly found in 
raw meat products are listed in Table 3.7. Of this range of bacteria 
Acinetobacter, Enterobacter, Moraxella, Pseudomonas and Staphylococcus 
were chosen for analysis in this study. Following is a brief 
discussion of each of these genera. 
Acinetobacter: This genus of Gram-negative rods shows some affinity 
to the family Neisseriaceae. These are strict aerobes that do not 
reduce nitrate. While they are related to the genus Moraxella, they 
differ in being oxidase negative. Although rod-shaped cells are formed 
in young cultures, old cultures contain many coccoid cells. Both these 
genera are commonly found on meats, but neither of them produces 
pronounced changes in flavour, texture, or odour (Ayres et al., 1980). 
The common sources of these bacteria are soils and water. 
Enterobacter: These organisms belong to the family Enterobacteriaceae 
and are represented by two species. They are short, Gram-negative 
non-pigment forming rods that grow well on many cultural media, and 
ferment glucose and lactose with the production of acid and gas. They 
are widely distributed in nature, being especially present on plants, 
grain and in water. Enterobacter spp are readily established in the 
intestinal tract and are known as 'non-faecal coilform' bacteria. 
Pseudomonas: These important bacteria belong to the family 
Pseudomonadaceae. They are short, Gram-negative, aerobic rods that are 
usually polarly flagellated. Many psychrophilic species and strains as 
well as mesophiles exist in this genus. They are widely distributed in 
nature in soil, water, on plants, and in the intestinal canal of man 
and other animals. These are by far the most important bacteria in the 
low-temperature spoilage of meats; they produce various flavour changes 
(stale, rancid and bitter) and off-odours. 
Staphylococcus: The organisms belong to the family Micrococcaceae. 
They are Gram-positive cocci that divide irregularly as do the true 
micrococci. They are catalase positive in contrast to Streptococci. 
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Most Staphylococcus aureus strains produce a golden pigment and 
coagulate blood plasma, while Staphylococcus epidermidis is 
non-pigmented and does not produce coagulase. Both are common in the 
nasal cavities of man and certain other animals as well as on skin and 
other parts of the body. Their presence on meats in large numbers is 
undesirable since many strains are toxigenic; many f, 3 -haemolytic 
coagulase-positive strains are pathogenic and some produce an 
enterotoxin which may cause food poisoning. 
11op-n, cc t8 ; ff Cr. AS oj 
oý the 
ýXVv 
º13 Nei sse-RºAcr 
are. ox, 
äase - pdsý4ue 
arººwýaýs , 
ýr. clýýdý9 main. 
G rats - neja-, ve , aevob 
rqE 'liesc. or an isms 
and usULa11j ca4a1 ase 
rv% COMS 54r{GCAS 
%4L 6ck&t1º air (occoba" 
do no# "1; 3e c4"6ckjc v fe& 
- ?6Ih. 5 ecºe sCf 
of waif nn ölccäeä 
I 
91 
0-4 
Co 
.a 
H 
z 0 
ý, V) U, w 
U, 
z H 
a 
LO 
cU 
b 
0 
41 
a) 
N 
y 
.n co 
N 
a) 
CO 
ca 
Co 
U 
co w 
sa 
ca 
oO 
Co N 
N 
U 
O 
y+ 
Co 
a 
41 
41 
N. 1 
aJ 
w 
4-4 
Mi 
"C 
6 
0 
w 
a) 
4-1 
Co 
0 
N 
N 
8 
. U) 
cb 
00 
O 
W 
0 
a 
.O 8 
Co 
4.1 
0 
H 
b 
a e 
0 
H 
00 
c) 
a. + 
y 
co 
co 
b0 
co 
O 
41 
0 
4-1 
Ei 
U 
C1ýi 
O 
r4 
0 
N 
AG 
Pa 
H 
I 
44 
U 
Pd 
W 
oq 
P4 
N 
-1 C14 C4 
O O O O O O 
z .a .4 °E ° x ae oe ae 
H n n n n n n N 
d V1 M N ý7 N O - 
UW 0 0 ---4 -4 0 M 0 Z P4 
w +1 v1 v1 +1 +1 +1 +1 W ` ` ` ` UH 
Q N a% .ý N O O O 
M ý7 -4 t1ý 'O I- 00 . -1 
N 
0 cn -T C14 C14 
0 0 0 0 0 0 
z .ý - .ý -. 
HO 
dH N n n n n r. 
g M C0 N 00 
O 
UW 0 - r+ N - 0 0 
z P4 
+1 +I +1 +I +1 +I +1 W v v v v v . - . 
ÖH 
O ýO 03 0 0 0 
O 
.r C .ý -1 Cý N "4 --ý 
10 110 
co co v C) Ü Ü 
H 4-J 4-1 
z r. 
w CC (U 
Z co to w ca bO bo - am Q 
-4 
i 
. i . -4 C) C! 
W u u u u u -P +J 
Ü 
O! O1 G1 G1 
Q) CL) 
4D C: 4-J 41 41 
W' U U W I) G. ) U) GJ 
U) N U) N 
U) 0. N U] 04 U) 0. 
O ma 0 4 
Z i . - r- H -4 1.4 ý ß 
H 7, " ). + M 4 D% 
H co . -4 co CC . -4 co .r 
4-+ 0 0 +1 0 
V v) W to to P+ V) W 
z 
E-4 0 ý4 44 
. C4 L) P4 4 O W 
p pq 
92 
. -. 
Co 
0) 6 
a) 
a) 
0 w 
q 
0 
4-4 
41 
ca 
0) 
-v 
b 
ca 
b 
G 
cd 
a) 
+ 
v 
a 
as 
Ic H 
H 
z 0 
w 
cý z 
ýa a 
00 
U) 
w 
v 
u 
U 
00 
a 
4-4 
41 
41 
U 
0 
U 
Co 
Z 
Co 
. ýL H 
0 
W 
N 
G) 
.a 
E 
O 
la 
4-I 
'l7 
Q) 
4.1 
CO 
0 
N 
rl 
N 
8 
U) 
Ord 
c0 
DO 
1a 
0 
4-I 
0 
4J 
.a 6 
aJ 
O 
CO 
-. -1 
G) 'b 
13 O 
4J 4. + 
rl 
1-+ N 
O 1r 
G rl 
w 
OA 
U cA 
a 
W a) 
W .C 
W 
U 
d 
W 
ß+' 
O 
3 
W 
0 
N 
E 
a w a 
A 
W 
H 
0 
Ln H 
U, z 
0 
w 0 
as z 
R 
W 
H 
z 
H 
H 
Qi 
rý U 
z H 
U 
O 
O 
M 
W 
P4 
O 
E4 
9 W 
a 
w H 
z O H 
H 
d 
oa 
U 
z H 
U 
O 
O 
Ö' Ö 
0 
n n n 
v1 ýT v'1 
N N O 
vl vl vl 
M 
O 
+I v 
M 
N 
0 
+1 
0 
-4 
.4 
+1 
00 
H 
Q 
W 
x- 
0 d v ä 
c n 
cý E-+ a d 
93 
aý 
a) 
8 
,a N 
a) 
54 
aý 
N 
O 
w 
O 
41 
Cd 
a) 
b 
1+ 
ed 
cý7 
y 
+1 
TABLE 3.1 (C) 
SAMPLING SESSION I 
Effect of incubation temperature on the types of organisms isolated from 
different meat processing surfaces using the swab-rinse method and tryptone 
soya agar as the growth media. 
PERCENTAGE OF ISOLATES FROM THE TOTAL AEROBIC 
VIABLE COUNT IDENTIFIED WITH THE GROUP 
GROUP 
100C INCUBATION 300C INCUBATION 
TEMPERATURE TEMPERATURE 
Gram-Negative 
Acinetobacter 3 7 
Aeromonas ND* 1 
Alcaligenes 4 5 
Enterobacter 1 2 
Flavobacterium 4 3 
Moraxella 13 8 
Neisseria 17 7 
Pseudomonas 4 10 
Vibrio ND* 1 
TOTAL 46 44 
Gram-Positive 
Actinomycetes ND* 1 
Bacillus 12 7 
Kurthia 3 1 
Lactobacillus ND* 3 
Micrococcus 14 14 
Staphylococcus 15 24 
TOTAL 44 50 
Yeasts 6 5 
Actinobacillus 4 1 
* ND = Not Detected 
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TABLE 3.3 
SAMPLING SESSION II 
Groups of organisms detected on different meat processing surfaces 
using the swab-rinse method, and tryptone soya agar as the growth medium. 
GROUP 
Gram-Negative 
Acinetobacter 
Aerococcus 
Aeromonas 
Alcaligenes 
Benekea 
Branhamella 
Brochothrix 
Brucella 
Enterobacter 
Flavobacterium 
Lamella 
Klebsiella 
Moraxella 
Neisseria 
Pasteurella 
Plesiomonas 
Proteus 
Pseudomonas 
Salmonella 
Serratia 
Vibrio 
Yersinia 
TOTAL 
PERCENTAGE OF ISOLATES FROM THE TOTAL AEOBIC 
VIABLE COUNT IDENTIFIED WITH THE GROUP 
AT 10°C AND 30°C INCUBATION 
BACON CUTTING 
SURFACE 
STAIN- POLYPR 
LESS PYLENE 
STEEL 
10 
2 
ND* 
14 
1 
16 
ND* 
3 
ND* 
ND* 
3 
ND* 
43 
1 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
3 
3 
ND* 
34 
ND* 
15 
ND* 
ND* 
ND* 
ND* 
ND* 
7 
15 
1 
ND* 
ND* 
2 
3 
ND* 
ND* 
ND* 
3 
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PORK CUTTING BACON PORK 
SURFACE (RAW) (RAW) 
STAIN- POLYPRO- 
LESS PYLENE 
STEEL 
8 
1 
ND* 
3 
2 
6 
1 
1 
1 
ND* 
5 
2 
3 
7 
1 
2 
ND* 
ND* 
18 
10 
1 
1 
73 
7 
ND* 
1 
5 
1 
1 
ND* 
1 
3 
5 
ND* 
2 
11 
ND* 
3 
1 
ND* 
14 
ND* 
1 
16 
1 
73 
3 
ND* 
ND* 
10 
1 
1 
ND* 
11 
ND* 
ND* 
ND* 
ND* 
67 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
ND* 
1 
94 
13 
1 
ND* 
23 
ND* 
2 
1 
2 
ND* 
5 
ND* 
1 
7 
ND* 
ND* 
ND* 
1 
12 
ND* 
1 
ND* 
ND* 
69 
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TABLE 3.3 Part 2 
GROUP 
Gram-Positive 
ii 
Actinobacillus 
Bacillus 
Corynebacterium 
Erysipelothrix 
Kurthia 
Micrococcus 
Staphylococcus 
Streptococcus 
TOTAL 
Yeasts 
* ND = Not Detected 
PERCENTAGE OF ISOLATES FROM THE TOTAL AEOBIC 
VIABLE COUNT IDENTIFIED WITH THE GROUP 
AT 10°C AND 30°C INCUBATION 
BACON CUTTING PORK CUTTING BACON PORK 
SURFACE SURFACE (RAW) (RAW) 
STAIN- POLYPRO- STAIN- POLYPRO- 
LESS PYLENE LESS PYLENE 
STEEL STEEL 
2 
ND* 
1 
1 
ND* 
2 
1 
ND* 
7 
ND* 
ND* 
ND* 
1 
ND* 
ND* 
9 
ND* 
ND* 
10 
4 
ND* 
4 
10 
2 
ND* 
6 
1 
1 
24 
3 
1 
10 
5 
ND* 
3 
2 
ND* 
ND* 
21 
6 
ND* 
ND* 
3 
ND* 
ND* 
2 
ND* 
ND* 
5 
1 
ND*, 
5 
8 
ND* 
4 
9 
1 
ND* 
27 
4 
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Table 3.4 Sampling Session II 
Number of organisms isolated from different surfaces 
Meat Surface Treatment Number of organisms isolated CM? 
under test 10°Gincubation 30°C., incubation 
Pork Stainless steel - 8.73 x 107 
Polypropylene - 4.33 x 108 
Meat surface - 3.54 x 105 
Stainless steel uncleaned 1.40 x 106 
sheet detergent 1.27 x 105 
treated 
Bacon Stainless steel - 3.27 x 105 
Polypropylene - 4.01 x 105 
9.43 x 107 
1.48 x 108 
2.88 x 105 
8.52 x 106 
9.58 x 104 
1.88 x 105 
0.81 x 105 
Meat surface - '6.95 x 107 1.24 x 107 
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Table 3.5 
Effects of the detergent 'Titan Quatdet SU321' on the types of, 
organisms isolated from pork processing surfaces 
Number of cFv isolated from 
the stainless steel surfaces 
Organisms Immediately before cleansing Immediately after cleansing 
10°C 30°C 10°C 30°C 
Gram-Negative 
Acinetobacter 
Aeromonas 
Alcaligenes 
Beneckea 
Branhamella 
Brochothrix 
Gamella 
Moraxella 
Neisseria 
Proteus 
Yersinia 
3 2 5* 11 * 
4 1 4 2 
8 0 3 0 
1 2 0 0 
14 0 2 0 
0 0 2 1 
0 0 1 10 * 
3 0 0 8 * 
5' 0 0 0 
0 3 0 0 
1 13 5* 19 * 
0 1 0 1 
Total 40 22 22 52 
...... / 
GF V. = CvLAN`f FORMIN4 UM(TS - 
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Table 3.5 (continued) 
Number of op,, isolated from 
the stainless steel surfaces 
Organisms Immediatel y before cleansin g Immediately after cleansing 
10°C 30°C 10°C 30°C 
Gram-Positive 
Actinobacillus 1 0 0 0 
Corynebacterium 4 0 3 1 
Erysipelothrix 0 0 0 1 
Kurthia 0 0 2 0 
Micrococcus 20 42 36 * 27 
Staphylococcus 2 0 3* 0 
Streptococcus 0 1 0 0 
Yeasts 0 6 4* 3 
Total 27 49 48 32 
OVERALL TOTAL 67 71 70 84 
*- these organisms were isolated in higher numbers from the detergent 
cleansed surface. This may be due to these organisms not being 
inactivated by the 'Titan Quatdet SU321' detergent and thus having an 
increased probability of being isolated once the detergent sensitive 
organisms were eliminated. Alternatively, the adhesive band between the 
bacterial cell and the substratum may have been damaged or destroyed 
thereby increasing the ease with which such organisms were removed during 
sampling. 
GFu ý cei-oay Fp&r in3Q un-'%zi 
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Table 3.6 
Composition of different raw meat extracts 
Meat under test 
Protein % Fat Conductivity 
(g 1 1) NSm 
1 
pH 
Beef 5.6 4.5 2.56 x 103 
Pork' 5.6 7.5 2.50 x 103 
Bacon 19.5 7.0 13.40 x 103 
6.0 
5.5 
5.4 
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Table 3.7 
Genera of bacteria common in foods (adapted from Ayres et al (1980) 1 
1. Gram-negative aerobic rods and. coct_i, 
Acetobacter 
Alcaligenes 
Brucella 
Gluconobacter 
Halobacterium 
Halococcus 
Xanthomonas 
2. Gram-negative faculative anaerobic rods 
Escherichia Enterobacter 
Salmonella Erwinia 
Shigella Vibrio 
Proteus Aeromonas 
Klebsiella Plesiomonas 
Hafnia Photobacterium 
,. Serratia Flavobacterium 
3. Gram-negative anaerobic bacteria 
4. Gram-negative rods, coccobacillus 
Moraxella, Acinetobacter 
...... 
/ 
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Table 3.7 (continued) 
S. Gram-positive spheres 
Staphylococcus 
Streptococcus 
w_ýl -------- 
Leuconostoc 
6. Gram-positive asporulating, catalase-negative rods 
Lactobacillus 
7. Gram-positive spore-forming rods 
Bacillus 
Clostridium 
8. Bacteria with branching cells 
Corynebacterium 
Microbacterium 
Kurthia 
Propionibacterium 
Streptomyces 
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FIGURE 3.1 The Harrison's disc showing the sampling 
areas only. 
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FIGURE 3.2 Effects of different media on the types 
of organisms isolated from beef, pork, and 
bacon cutting surfaces using the swab- 
rinse and the sellotape methods. 
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PLATE 3.1 
Beef cutting tables (part polyethylene - part 
stainless with a central polypropylene conveyor 
belt. 
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PLATE 3.1 
y_, 
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r 
PLATE 3.2 
Pork cutting stainless steel table with a central 
polypropylene conveyor belt 
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PLATE 3.2 
`4-1- 
Air 
IA 
PLATE 3.3 
Bacon-slicing machine with a central polypropylene 
"strip" conveyor belt. 
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PLATE 3.3 
A 
"do 
PLATE 3.4 
Transmission electron photomicrograph of (A) 
Acinetobacter sp. and (B) Moraxella sp. 
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PLATE 3.4 
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PLATE 3.5 
Transmission electron photomicrograph of 
Pseudomonas sp. 
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Plate 3.6 
Transmission electron photomicrograph of 
(A) Enterobacter and (B) Staphylococcus sp. 
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PLATE 3.7 
Scanning electron photomicrograph of (A) 
chemically cleaned, untreated polypropylene" B" 
(the surface appears fairly smooth), and (B) 
chemically cleaned stainless steel (the surface 
appears rough). 
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PLATE 3.7 
PLATE 3.8 
Scanning 
cleaned, 
electron photomicrograph of chemically 
surface untreated 
appears very rough. 
polyethylene" 11". The 
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PLATE 3.8 
PLATE 3.9 
(A) Low magnification scanning electron 
photomicrograph of Pseudomonas sp. adhering to 
stainless steel. Note the non-uniform spread of 
cells. (B) High magnification scanning electron 
photomicrograph of Pseudomonas sp. adhering to 
stainless steel. Note that the cells are lodged in 
crevices (arrow) but not confined to them. 
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PLATE 3.9 
PLATE 3.10 
(A) High magnification scanning electron 
photomicrograph of Pseudomonas sp. adhering to 
stainless steel. Note that the cells show no 
preference for crevices or scratches . 
(B) Scanning electron photomicrograph of 
Pseudomonas sp adhering to polypropylene "B" 
substrata. Note the uniform pattern of attachment. 
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PLATE 3.1 0 
PLATE 3.11 
Scanning electron photomicrograph of a stainless 
steel pork butchering surface after a processing 
period of 0 hours under (A) Low magnification and 
(B) High magification. 
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PLATE 3.11 
PLATE 3.12 
Scanning electron photomicrograph of a stainless steel 
pork butchering surface after a processing period of: 
(A) 15 minutes. Note the deposition of meat fibres (M). 
(B) 30 minutes. Note the deposition of meat fibres (M) 
and bacterial cells (B). 
(C) 1 hour 15 minutes. Note the increase in meat fibres 
and cell deposition. 
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PLATE 3.13 
Scanning electron photomicrograph of a stainless 
steel pork butchering surface after a processing 
period of (A) 1 hour 15 minutes. Note the increasing 
level of cell entrapment (CE) with in meat fibres. 
(B) 2 hours. Note the increased thickness of the 
biofilm composed of meat debris (M) and micro- 
organisms (CE). 
(C) 2 hours. Note the thick layer of meat fibres (M), 
and cell deposition within (W) and around the meat 
debris (A). 
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PLATE 3.14 
Scanning electron photomicrograph of Pseudomonas 
sp. adhering to pork-liquor treated stainless 
steel after an 18 hour immersion period in 
phosphate buffer suspensions of 109 cells ml-1 
held at 20°C. Note the underlying deposition of 
meat fibres (M). 
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PLATE 3.14 
PLATE 3.15 
A Scanning Electron photomicrograph of (A) 
Staphylococcus sp and (B) Pseudomonas sp adhering 
to stainless steel after 18 hours immersion in 
phosphate buffer suspension of 109 cells ml-1 held 
at 20°C. Note the lack of extracelluar fibrils. 
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PLATE 3.16 
A Scanning Electron photomicrograph of (A) 
Staphylococcus sp and (B) Pseudomonas sp adhering 
to stainless steel after 18 hours immersion in 
phosphate buffer suspension of 109 cells ml-1 held 
at 20°C. Note the presence of extracellular 
material (E) between the cells and the substrata. 
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PLATE 3.17 
A Scanning Electron photomicrograph of Pseudomonas 
sp adhering to polypropylene"B" substrata after 18 
hours immersion in phosphate buffer suspension of 
109 cells ml-1 held at 20°C. Note the presence of 
extracellular material (E) between the individual 
cells and between the cells and the substratum. 
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PLATE 3.17 
PLATE 3.18 
A Scanning Electron photomicrograph of soiled 
stainless steel pork butchering surface after 
cleansing with 0.5 % "Titan Quatdet SU 321" 
detergent. Note in (A) the lack of meat fibres and 
cells after cleansing, and in (B) the reduction in 
the level of meat fibres and the survival of cells 
(S) protected in the cracks and crevices and in (C) 
the survival of cells entraped within thick layers 
of meat debris (M). 
/ 
x ! 
/ C 
/ / ,. ' 
r 
L 
140 
PLATE 3.18 
%-t 1. oe " 
.. 
ýt 
_ 
PLATE 3.19 
A Scanning Electron photomicrograph of Pseudomonas 
sp adhering to stainless steel substrata after 
treatment with 0.5 % "Titan Quatdet SU 321" 
detergent. Note the extreme distortion (D) of the 
attached cells. 
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CHAPTER 4 
A PHYSICO-CHEMICAL APPROACH 
4.1 INTRODUCTION 
4.1.1 General 
Current understanding of the adhesion phenomenon within the biological 
environment is incomplete. One approach to the problem is to attempt 
characterization using current physicochemical theory. The basic 
question being whether bioadhesion conforms to these concepts and to 
what extent? 
Curtis (1960,1972,1973, and 1978) has made a notable contribution to 
the understanding of the mechanisms of cellular adhesion by applying to 
cell systems the behaviour and laws relating to the interaction of 
lyophobic colloids. The most important forces operating in such 
interactions are thought to be the electrostatic forces of repulsion 
and the London Dispersion forces of attraction and these form the basis 
of the DLVO theory (Derjuguin and Landau, 1941: Verwey and Overbeck, 
1948) (refer to Section 1.4.4). Relatively current accounts (Nir, 
1977; Gingell and Vince, 1980; Parsegian and Gingell, 1980) of 
biocontact also follow this DLVO theory of colloid stability, involving 
complex calculations of ionic double layer interactions, van der Waal's 
forces and entropic (or steric) contributions. A second broader 
approach considers bioadhesion in terms of the surface energetics of 
the contacting bodies (Baier, 1970; Del Palma et al., 1979). 
Theoretically if the total free energy of a system containing a cell 
and an adjacent substratum `is reduced by contact, then the cell will 
adhere to that substratum. 
Aqueous interfaces with solid material are broadly classified as 
hydrophobic, hydrophilic or heterogeneous, with both types of sites. 
At the hydrophobic surfaces apolar and at hydrophilic surfaces polar 
interactions are likely to dominate (Miller and Bach, 1973) during 
microbial adhesion. For surfaces which are heterogeneous both types of 
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interactions may play a significant role owing to the dual nature of 
the bacterial outer membrane amphiphiles (Wicken and Knox, 1980). 
Hydrophobic interactions have frequently been invoked (Meadows, 1971; 
Dexter et al., 1975; Fletcher and Loeb, 1976,1979; Orstavik 1977; 
Fletcher and Marshall, 1982; Paul and Loeb, 1983; van Loosdrecht 
et al., 1987a, b) as important factors involved in microbial adhesion 
at surfaces. For example, the perpendicular orientation of some 
bacteria observed at many different interfaces have been ascribed to 
hydrophobic interactions (Marshall and Cruickshank, 1973; Dahlback 
et al., 1981; Hermansson et al., 1982; Hogt et al., 1982; Rosenberg 
et al., 1983a; Beighton, 1984). Moreover several recent studies have 
shown hydrophobic interactions to be important in the adhesion of 
pathogenic bacteria to target tissues (Faris et al., 1981, Jiwa and 
Mansson, 1983) of cariogenic bacteria to oral surfaces (Rosenberg 
et al., 1983b; Beighton, 1984), and of aquatic bacteria to the 
air-water interface (Dahlback et al., 1981). Wettability is also 
significantly important in the spread and subsequent action of 
polymeric exudates or glues (Baier, 1970) produced in the case of 
certain aquatic bacteria (Fletcher and Floodgate, 1973). For good 
adhesion the exudate must spread over the solid substratum so as to 
increase the area of contact between the two phases. 
Complexity is introduced into the bioadhesion system when the net 
negative surface charge of both contacting surfaces attract various 
ions and organic constituents to the solid-liquid interface (Marshall, 
1980) and spontaneous adsorption of such a conditioning film modifies 
the initial surfaces properties (Marshall, 1968; Neihof and Loeb, 1972, 
1974). It has been shown by Baier (1972) that the bonding forces are 
so localized that only the first monolayer of material is important. 
Where the adsorbing polymers are charged and largely control the 
adhesion of bacteria the ionic strength of the media will have an 
important influence on the level of adhesion (Robb, 1984). 
Not only is the amount of charge on the modified substratum and 
bacterial surface of importance, but also the distribution of all the 
charged groups. It is difficult to ascertain the distribution of the 
surface charge, although the magnitude of the net potential can be 
determined by measurement of the electrophoretic mobility of the 
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particles (bacterial and substratum) in suspension, using the 
microelectrophoresis technique since the mobility of a particle under 
the influence of an electric current appears to depend entirely on the 
nature of the particle surface, and is independent of the size, shape 
or nature of the particle itself (Sherbert, 1978). 
Wettability as well as having a possible role in cellular adhesion also 
influences the adsorptive behaviour of polymers containing hydrophobic 
and hydrophilic groups (Norde, 1980). Desorption from hydrophobic 
surfaces does not occur, whereas proteins etc, can be removed with 
relative ease from hydrophilic surfaces by transition to extreme pH, 
high ionic strength, or extensive rinsing. It is possible that 
bacterial membrane polymers behave in a similar way, showing a greater 
affinity for hydrophobic surfaces and resulting in firmer, irreversible 
adsorption. In order to substantiate this, it is necessary to evaluate 
the relative wettability of both contact surfaces; the substratum and 
the bacterial outer cell wall layers. The angle of contact-that a test 
droplet makes when brought into contact with a substratum bathed in an 
aqueous medium is directly related to the actual interactions between 
the three interfaces and, therefore, reflects the wettability of the 
surface and provides information about surface energetics, roughness 
and heterogeneity. The 'captive bubble' contact angle, technique, as 
described by Adamson (1976) proves to be the most suitable since it 
allows analysis in an aqueous phase, but does not require a knowledge 
of liquid surface tension or density, and it employs relatively simple 
instruments. 
It is inevitable that adsorption of organic constituents onto the 
substratum surface almost certainly precedes organism attachment 
(Miller et al., 1968; O'Neill and Wilcox, 1971; In such cases 
adsorption of bacteria can obviously be influenced by the presence of 
molecules that can compete for the surface sites that the bacteria 
would otherwise occupy. For adhesion of bacteria in situ there will be 
many molecules competing for surface sites. It was therefore important 
to determine the surface conditioning effects of macromolecules 
adsorbed from the working environment and whether these effects could 
be monitored by contact angle measurements and correlated with the 
eventual degree of bacterial adhesion. 
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Although useful for evaluating the wettability of the substratum, 
contact angles were inadequate for determining the nature of the 
bacterial outer cell wall layers. A second technique, hydrophobic 
interaction chromatography, was thus considered. 
Since the detergent "Titan Quatdet SU 321" proved an effective reagent 
in the field sampling sessions (Section 3.3.1) the individual effect of 
each of its main components on the physicochemistry of the system and 
their relevance to the adhesion processes were investigated. These 
components, kindly supplied by Lever Brothers, included a cationic 
detergent, a non-ionic detergent and an organic sequestrant. 
4.1.2 Surface Electric Charge 
Most solids acquire a surface electric charge by ionization and/or by 
the adsorption of ions when brought into contact with a polar (for 
example, an aqueous) medium. Proteins possess their charge mainly 
through dissociation of carboxyl and amino groups to give -C00 and 
-NH 3+ ions. The ionization of these groups and subsequently the net 
molecular charge depends strongly on the pH of the solution. Surfaces 
already charged by ionization show a preferential tendency to adsorb 
counter-ions especially those with a high charge number, and it is 
possible for counter-ion adsorption to cause a reversal of charge. 
Other surfaces acquire a negative charge by preferential adsorption of 
anions (particularly hydroxyl ions) when dispersed in pure water or an 
aqueous solution of a simple salt. This is because anions are 
generally smaller (less hydrated) and more polarizing than cations 
(Shaw, 1980). In addition ionic structure may have a surface charge by 
virtue of unequal dissolution of the oppositely charged ions of which 
they are composed. 
4.1.2.1 The Electrical Double Layer 
A system in which charged colloidal molecules or particles are 
dispersed is, fundamentally, no different from any ordinary electrolyte 
system in that it must contain equivalent amounts of oppositely charged 
ions to satisfy an overall condition of electroneutrality. 
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To' maintain this electroneutrality ions of opposite charge 
(counter-ions) are attracted towards the surface and ions of 
like-charge (co-ions) are repelled. This leads to the formation of an 
electrical double layer made up of the charged surface and a 
neutralizing excess of counter-ions over co-ions distributed in a 
diffuse manner in the adjacent polar medium. In the absence of thermal 
motion, sufficient counter-ions would become firmly attached to the 
surface of a colloidial particle to neutralize its charge. Thermal 
agitation prevents the formation of such a compact electrical' double 
layer. This layer can, therefore, be regarded generally as consisting 
of two regions; an inner region including adsorbed ions, and a diffuse 
outer region in which ions are distributed according to the influence 
of electrical forces and random thermal motion (Sherbet, 1978). 
The finite radius of the hydrated ions will limit the inner boundary of 
the diffuse part of the double layer, since the centre of an ion can 
only approach the surface to within its hydrated radius without 
becoming specifically adsorbed. Stern (1924) proposed a model in which 
the double layer is divided into two parts separated by a plane, the 
Stern plane, located at about one hydrated ion radius from the surface, 
and he also considered the possibility of specific ion adsorption. 
Specifically adsorbed ions are those which are attached (temporarily) 
to the surface by electrostatic and/or van der Waal's forces strongly 
enough to overcome thermal agitation. The centres of any specifically 
adsorbed ions are located in the Stern layer, between the true surface 
and the Stern plane. Ions with centres located beyond the Stern plane 
form the diffuse part of the double layer. In the absence of specific 
ion adsorption, the charge densities at the surface and at the Stern 
plane are equal. When specific adsorption takes place, counter-ion 
adsorption usually predominates over co-ion adsorption and'a typical 
double layer situation as shown in Figure 4.1 (a)-is obtained. 
The potential within the electrical double layer tends to change from 
4Jo (surface potential) to ý` (Stern potential) in the Stern layer, 
and decays froniqd}pzero in the diffuse layer (Figure 4.1 (b)). The 
change in potential in the Stern layer increases with electrolyte 
concentration. It is possible, especially with polyvalent 
counter-ions, for reversal of charge to take place within the Stern 
layer, that is forI4, -to have opposite signs. 
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4.1.2.2 The Electrokinetic Phenomena 
Electrokinetic is the general description applied to four phenomena 
which arise when attempts are made to shear off the mobile part of the 
electrical double layer from a surface; electrophoresis, 
electro-osmosis, streaming potential and sedimentation potential. 
Electrophoresis refers to the movement of charged particles relative to 
a stationary liquid by an applied potential gradient. Electro-osmosis 
is complementary to electrophoresis, and refers to the movement of 
liquid relative to a stationary charged surface by an applied potential 
gradient. Streaming potential is the opposite of electro-osmosis and 
refers to the creation of a potential gradient when liquid is made to 
flow along a stationary charged surface. Sedimentation potential is 
the opposite of electrophoresis, and refers to the creation of a 
potential gradient when charged particles move (for example, sediment) 
relative to a stationary liquid medium. Of all four of the 
electrokinetic phenomena, electrophoresis has the greatest practical 
applicability. 
Electrophoresis being the movement of particles under the influence of 
an electric current is attributed to the free charges on their surface. 
Sherbert (1978) demonstrated that particles differing in 
electrophoretic behaviour once coated with gelatin all assumed uniform 
electrophoretic characteristics attributed to the gelatin film 
deposited on their surfaces. Electrophoresis, therefore, provides a 
simple tool for the physicochemical characterization of the 
constituents of the cell surface. 
A number of techniques are available for measuring the electrophoretic 
behaviour of colloidal particles in simple electrolytes; zone 
electrophoresis, the moving boundary method, and microelectrophoresis. 
Zone electrophoresis involves the migration of charged particles which 
are supported on a relatively inert and homogeneous solid or gel frame 
work in order to minimize convectional disturbances. Some supports 
(e. g agrose gel) interact with the macromolecular solutes and retard 
the motion of certain molecules relative to one another. In addition, 
the molecule is forced to trace a tortuous path through the support 
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medium. This obscures the relationship between the observed net 
mobility and the actual molecular mobility. Although useful 'in 
comparative study, the use of solid supports makes a quantitative 
analysis of mobility nearly impossible. 
In moving - boundary electrophoresis a broad zone of macromolecules in 
solution is subject to an electric field, and the motion of the zone is 
measured. Various artifacts, such as convection and multi-component 
effects reduce its usefulness as a general analytical procedure. It is 
useful in the electrophoretic study of dissolved high molecular weight 
substances, especially proteins. But zone electrophoresis " is 
considered unsuitable where the electrophoretic behaviour of large 
particles is to be studied or when high ionic strengths are required. 
In such cases the microscopic method (microelectrophoresis) is 
preferred. `" 
If the material under investigation can be obtained in the form of a 
reasonably stable suspension or emulsion containing microscopically 
visible particles, then the electrophoretic mobility can 'be observed 
and measured directly using the microelectrophoresis technique (Shaw, 
1969). 
4.1.2.3 Zeta Potential 
The electrophoretic mobility of a particle is related to the net 
charges on the particle and a general expression for the relationship 
between the two quantities can be shown by v- QD/kT where, v is the 
particle velocity, Q is the net number of charges, D is the diffusion 
constant, k is the Boltzmann constant, and T is the absolute 
temperature. 
This equation is valid only when the particle velocity is proportional 
to- the force exerted and only in the absence of ions in the fluid 
medium. When, however, the particle is suspended in an ionic medium 
it will attract ions of unlike sign from the environment and this 
results in an asymmetrical distribution of ions in the particles' 
enveloping atmosphere. Since the fluid phase in the vicinity of the 
particle will now be charged, the sign of the charge being opposite to 
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that borne by the particle, this layer of fluid will tend to migrate in 
the opposite direction to the particle itself and, therefore, the 
particle tends to be retarded. A potential gradient is created when 
the charged surface and the mobile part of the double layer move 
relative to one another. The electric potential at this surface of 
shear is called the electrokinetic or zeta-potential. The usual 
location of the surface of shear is probably just outside the Stern 
layer, and zeta is, in general, marginally smaller in magnitude 
than t6 . Increasing the electrolyte concentration results in a 
lowering of the zeta-potential since more of the potential drop will 
occur in the immobile part of the double layer. Therefore, it appears 
that the zeta-potential is related to the dimensions of the electrical 
double layer. 
4.1.3 Wettability of the Substrata 
The nature and orientation of the exposed groups of atoms at any 
surface determine its wettability, a characteristic feature generally 
independent of the nature and arrangement of the underlying atoms and 
molecules (Shafrin and Zisman, 1960). The outermost atomic 
constitution of a material dictates its initial interactions with its 
environment (Baier, 1970), thus suggesting wettability to be an 
important parameter in the adhesion phenomenon. Contact angles, often 
determined in bioadhesion studies (Baier et al., 1972; Fletcher and 
Loeb, 1973; Fletcher and Marshall, 1982; Pringle and Fletcher, 1982; 
Brewer, 1984), are a useful measure of the wettability of a surface 
(Zisman, 1972). 
4.1.3.1 Concepts of Contact Angle 
Contact angle measurements in bioadhesion studies are important for a 
number of reasons. Firstly, there is a fundamental relationship 
between the thermodynamic work of adhesion and the contact angle 
(Pethica, 1980; Fletcher and Marshall, 1982). Secondly, they are a 
means of obtaining direct information about the nature of the surface 
of both organic and inorganic materials (Baier, 1970), and finally the 
requirement for good interfacial contact between the adhesive and the 
adherend involves both the spreading and the wetting phenomenon (Baier, 
1970). 
151 
The contact angle was first linked to surface energetics by Thomas 
Young in 1805, although the basic thermodynamics of wetting. were 
published by J Willard Gibbs in 1928. A macroscopic drop of liquid 
contacting a smooth, homogeneous, isotropic, rigid, insoluble solid in 
equilibrium with the vapour phase in the presence or absence of a 
gravity field will exhibit a macroscopic contact angle, 8, governed 
by the Young equation: - 
wsv sl + 
Ilv Cos (1800 ,-8 
0) 
Where f 
sv 
is the surface tension acting at the solid/vapour 
interface, 
sl 
the surface tension acting at the solid/liquid 
interface and flv the surface tension acting at the liquid/vapour 
interface, as shown by the three co-planar vectors in the diagram. 
5 ,. 
Ö 
lv Schematic diagram of the 
contact angle, a ., formed 
by a sessile drop resting 
on a solid surface. 
Young's equation is simple in form only because both conceptual and 
experimental difficulties exist concerning it, which have been the 
source of much controversy (Johnson and Dettre, 1969; Gerson, 1980; 
Fortes, 1983). Even in the definition of 6 sl and 
f 
sv 
there is the 
problem that, at present, there is no reliable way of measuring either 
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i 
I S1 SV 
/ 
Solid 
quantity. However, one way to get round this problem (Pethica, 1980) 
is to obtain the work of adhesion of a liquid to a solid since the 
difference of the unknown surface tension in the solid interfaces Y 
si 
and Y 
sv 
can be eliminated in the relevant form of the initial 
equation as given below: - 
Work of adhesion =Ö 1v 
11+ Cos(180° -e )} 
The Young equation, in general, is a well established thermodynamic 
relationship which applies rigorously to systems which meet its 
constraints (Johnson and Dettre, 1969; Pethica, 1977). To date the 
most significant advances in the field of wettability have been the 
development of reproducible techniques of measurement and this in turn 
has stimulated advances in the theory of wetting. 
4.1.3.2 Practicalities of contact angle determination 
Numerous methods are available for contact angle measurement (Neumann 
and Good, 1979), but care has to be exercised in reporting and 
interpreting the results. Attention needs to be paid to such factors 
as surface microroughness and heterogeneity, contact angle hysteresis, 
adsorption of impurities and droplet size effect (Andrade et al., 
1983). 
Microroughness and heterogeneity may arise from a number of causes. 
The solid matter may have a different chemical composition over the 
surface or a surface impurity may be present as a distinct phase. In 
addition, the presence of different crystallographic faces on a 
chemically homogeneous solid, existence of grain boundaries, crystal 
edges, steps or ledges will result in heterogeneity. Roughness cannot 
be sharply separated from heterogeneity. Surface roughness has the 
effect of making the contact angle, further removed from 900. 
If 8 is) 900, the liquid will penetrate and fill up most of the 
hollows and pores in the solid and so form a plane surface which is 
effectively part solid and part liquid; since liquid has zero e with 
liquid, & will therefore decrease. On the other hand, if 8 is (900, 
the liquid will tend not to penetrate into the hollows and pores in the 
solid and can, therefore, be regarded as resting on a plane surface 
which is effectively part solid and part air; since there is 
practically no adhesion between the liquid and the entraped air, 
8 will increase. 
For an ideal system, that is a liquid spreading on a uniform, plane, 
non-deformable solid, there is one and only one equilibrium contact 
angle. In practice this is rare. It is found that fora given liquid 
- solid system a number of stable angles can be measured.. Two 
relatively reproducible angles are the largest and the smallest. These 
are called the advancing angle (8 
a) 
and the receding angle r) 
respectively. They get their name from the fact that the advancing 
angle is often measured by advancing the periphery of a drop over a 
surface and the receding angle is measured by pulling it back. The 
difference, 8a-er is called the hysteresis. Surface roughness is a 
possible cause of contact angle hysteresis. However, it has been shown 
by Johnson and Dettre (1969) that roughness is not a serious caused of 
hysteresis unless the rugosites are larger than approximately 0.5 ym. 
Another possible contribution to contact angle hysteresis is surface 
contamination due to residual monomers or contamination in the aqueous 
phase. In a clean state any surface that has a high surface energy can 
readily become contaminated by adsorption of impurities. It is, 
therefore, essential that all equipment immersed in the aqueous phase 
or in contact with the surface undertest be free from surface - active 
components. 
Variations of contact angle with drop-size seems to be related to the 
existence of contact angle hysteresis. If hysteresis arises as a 
result of patchy heterogeneity, the liquid surface near the solid and 
also the three phase line, will be contorted so that the line length 
will be greater than that expected with a homogeneous solid; the length 
actually depending upon the size of the patches. If hysteresis is 
small e. g. < 3o; the variation of ea and er with drop size appears to 
be absent. However, if hysteresis is appreciable e. g. 200, the contact 
angle exhibits a decrease with decreasing drop-size (<2 mm diameter). 
The effect is more. pronounced and sets in with larger sized drops. For 
the best reproducibility of results, the same size drop needs to be 
employed throughout the determinations. 
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In general the limitation on accuracy 'is not the measuring technique, 
but rather the reproducibility of the surface being studied. 
Generally, there is good agreement between different methods if 
suitable precautions, as discussed above, are taken (Zisman, 1972). 
In characterizing the wettability of a layer of cells by measuring the 
contact angle of a drop of test liquid, the desired conditions 
(Pethica, 1980) of rigidity, homogeneity and Insolubility will not be 
met, for this reason the application of the Young equation in such 
cases is at best qualitative. Thus an alternative method, the 
hydrophobic interaction chromatography technique was considered for 
determining the wettability of the bacterial cells. 
4.1.4 Hydrophobic Interaction Chromatography (HIC) 
Non-polar molecules (or polar molecules with sufficiently large 
non-polar regions) will self-associate when dissolved in water. The 
association is called hydrophobic interaction and is a consequence of 
the tendency of nature to favour disorder. The reaction is mainly 
entropy-driven, with the energy term being negligible, and 
consequently, there are no forces that primarily cause the reaction to 
take place. The attraction forces are considered to be the result of 
the avoidance of water rather than the forces originating in the 
non-polar groups per se and ultimately can be attributed to the strong 
self-attraction of water (Dahlback et al., 1981). 
When a solute molecule is dissolved in water, some hydrogen bonds must 
be broken to create a cavity to accomodate the molecule. To accomplish 
this, energy must be put into the system, that is H should be 
positive. However, experiments have shown AH to be negative (Frank 
and Evan, 1945). An explanation for this is that new hydrogen-bonds 
can be formed after (or simultaneously with) the initial solubilization 
step involving the formation of the cavity. If the solute is polar new 
hydrogen bonds can be formed between water and the solute. On the 
other hand, if the solute is non-polar it is most likely that new 
hydrogen bonds are formed between molecules adjacent to the surface of 
the solute molecule, since the non-polar solutes themselves cannot take 
part in hydrogen-bonding. The energy required to break hydrogen-bonds 
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to create a cavity is thus partly compensated for by the energy gained 
when new hydrogen-bonds are formed at the surface of the solute (Frank 
and Evans, 1945). 
These interactions are increased with an increase in the salt 
concentration or an increase in the temperature or with a decrease in 
pH of the medium, because the solute polymers become less highly 
charged. The effects of the salts depends on the nature of the ions 
present. Anions and cations range from those which promote hydrophobic 
interactions (salting-out effect) to those which tend to disrupt the 
structure of water and reduce hydrophobic interactions (chaotropic 
effect). For example: - 
Increasing salting-out effect 
Anions: P043 , SO42 , CH3000 , Cl-, Br-, NO 3, C104 ,I, SCN 
F-. Increasing chaotropic effect 
Cations: NH4 +, Rb +, K+, Cs +, Li +, Mg 
2+ 
, Ca 
2+ 
, Ba 
2+ 
Two commercially available (Pharmacia Ltd) adsorbents suitable for HIC 
are phenyl-sepharose CL-4B and octyl-sepharose CL-4B, which are 
synthesized by reacting sepharose CL-4B with the corresponding glycidyl 
ether. 
(Sepharose CL - 4B)- 0 -CH2 - CH - CH2 -0-R 
OH 
Phenyl-sepharose CL - 4B :R- 
Octyl-Sepharose CL - 4B :R= -(CH 2)7 -CH3 
Partial structures of phenyl - and octyl - sepharose CL - 4B. 
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The resulting adsorbents are electrically neutral derivatives and this 
is important because adsorbents which carry both hydrophobic and 
charged groups show mixed hydrophobic and ion exchange effects. These 
mixed effects would cause difficulty in choosing suitable experimental 
conditions and in predicting results. This is because hydrophobic 
interactions decrease with decreased ionic strength or temperature 
where as electrostatic interactions increase under the same conditions, 
and so changes in experimental conditions influence the two effects 
differently. The adsorption mechanism is accordingly complex and makes 
interpretation of experimet. tal data difficult. 
Both phenyl- and octyl-'Sepharose' CL-4B are amphiphilic molecules 
containing approximately 40 poles hydrophobic groups per ml of gel. 
This ensures high capacity adsorption with easy desorption of bound 
substances. A concentration of hydrophobic groups which is too high 
would cause proteins etc, to bind too strongly to the adsorbent and 
also impair the flow properties. In contrast, a low concentration 
would result in an adsorbent with poor capacity. 
4.1.4.3 Applications of HIC 
Many successful purifications of proteins on columns of neutral 
amphiphilic agarose derivatives have been reported (Hjerten, 1973; 
Allenmark and Servenius, 1978) and 'Sepharose' derivatives with the 
hydrophobic ligands have recently been used for the fractionation of 
t-RNA (Hjerten 1979). Even such particles as viruses and cells can be 
purified by HIC, provided that the agarose beads are sufficiently large 
to permit passage of the particles through the column bed (Shaltiel, 
1978). The cell surfaces of bacteria have hydrophobic properties which 
would enable them to interact with hydrophobic groups on the 
amphiphilic gels, It has been found (Hjerten et al., 1974; Stjernstrom 
et al., 1977) that bacterial cells show a high degree of specificity in 
their adsorption to agarose gels and thus, HIC may prove suitable for 
the comparative analysis of the hydrophobic nature of surface 
components of different bacteria. Such a technique was used for 
characterization of cell surface structure by Hermansson et al., 
(1982). 
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4.2 MATERIALS AND METHODS 
4.2.1 Measurement of Electrophoretic Mobility of Particles 
4.2.1.1 Sample Preparation 
(a) The Bacteria 
The bacterial strains under test, as listed in Section 2.1.3, were 
grown and harvested as described in Section 2.2.1. The resulting cell 
pellets were treated in one of two ways as described below: - 
One Portion of the cell pellets were resuspended in 100ml of 0.01M 
sodium phosphate buffer and sonicated for 30 seconds to obtain good 
dispersion of cells. The suspension was retained at room temperature 
for 5 minutes to obtain equilibrium prior to measuring the 
electrophoretic mobility. The motility of flagellated organisms is 
likely to interfere with the measurement of electrokinetic behaviour; 
the electrophoretic mobility is the rate of migration of the particles 
relative to bulk liquid under an applied voltage, thus any additional 
movement would produce incorrect results. To eliminate these effects 
suspensions of the flagellated organisms were subject to additional 
sonication for 10 minutes, to detach the flagella and obtain organisms 
in a non-motile phase before their electrophoretic behaviour was 
assessed. As a precautionary measure, the presence of flagella and the 
motility of the sonicated bacterial suspensions were checked 
microscopically using a flagella stain and the 'hanging-drop' technique 
(Cowan and Steel, 1974) respectively. The viability of the cells in 
phosphate buffer before and after sonication was tested by plating 0.1 
ml of each suspension onto tryptone soya agar and incubating 
aerobically at 30°C for 24 - 48 hours. 
The other portion of the cell pellets was resuspended in 50m1 of meat 
filtrate (as prepared in Section 2.2.3), and was shaken to obtain good 
dispersion, but gently to avoid foaming. This suspension was retained 
at room temperature for 30 minutes before centrifugation (1200 xg for 
10 minutes) and resuspension in phosphate buffer for the determination 
of the electrophoretic mobility. 
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(b) The Substrate. 
Before electrophoretic behaviour 
samples of the test substrata as 
comminuted to obtain particles of 
stable suspension when dispersed 
substratum was prepared separately 
given below: 
could be observed and measured, 
described in Section 2.1.4, were 
microscopic size which formed a 
in the aqueous solution. Each 
according to individual procedures 
(i) Stainless Steel Substrata 
One edge of a chemically cleaned (as described in Section 2.2.2. ) 
stainless steel plate was filed down slowly, by applying little 
pressure to a chemically cleaned, fine metal file, to obtain very tiny 
suspendable particles. These particles were treated in one of two 
ways. 1 mg of the particles were either suspended in 100 ml of 
phosphate buffer for the determination of the electrophoretic mobility, 
or were pretreated with 50 ml of meat filtrates prior to 
electrophoretic mobility measurement. The procedure as described for 
the pretreatment of the bacterial cells, in Section 4.2.1.1 (a), was 
employed. 
(ii) Plastic Substrata 
The low specific gravity of the plastics made it impossible to obtain 
the required suspendable particles of microscopic size. To overcome 
this problem it was necessary to obtain particles of identical surface 
characteristics but with a greater density. This was achieved by 
loading the plastics with calcium carbonate ('Calofil'-Sturge 
Chemicals). 
The two-roller milling technique was used for loading polypropylene 'B' 
and polyethylene 'II' with calcium carbonate. 440 g of 
polypropylene (or polyethylene) granules were fed into the mill and 
were picked-up by the rotating cylinders. The material was heated at 
165°C (or 185°C respectively) under pressure (151b in-2) to a soft 
state and thoroughly mixed while incorporating varying quantities of 
calcium carbonate (up to 100 g) to obtain loaded plastics with a range 
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of specific gravities. The plastic plus calcium carbonate was milled 
until a homogeneous dispersion was obtained. On removal, the soft 
plastic mixture was placed on a flat, cold, metal surface to ensure 
rapid, level, smooth solidification. The buoyancy of 1 cm strips of 
each sample were tested in water and the loaded plastics which only 
just remained suspended in solution were selected for further 
treatment. This work was carried out at Brunel University with the 
assistance of Mr GD Griffin. 
Microscopic particles of the loaded plastics with the correct density 
were obtained using Wet and Dry carborundum (Grade 6) immersed in 50 ml 
of deionized water. The suspended particulate matter was centrifuged 
(1200 xg for 10 minutes) and the supernatant was discarded. ' The 
particle pellet was resuspended in 0.5M hydrochloric acid for 3'hours 
to remove excess carbonate remaining on the outer surface of the 
plastic. The hydrochloric acid suspension was carefully centrifuged, 
and washed three times before resuspension in 20 ml öf 5.0% v/v 
'Decon 90'. After sonication (5 minutes), recentrifugation and 
resonicating three times in deionized water for 10 minutes the 
remaining pellet was treated in one of three ways for electrokinetic 
analysis. One-third of the plastic particles were directly resuspended 
in 100 ml of phosphate buffer. to determine their electrophoretic 
mobility. Another third of the loaded particles were pretreated with 
meat filtrates, using the procedure described in Section 4.2.1.1(a) for 
bacterial particles, before determining the electrokinetic behaviour. 
The remaining, third portion of the plastic pellet was further 
subdivided and pretreated with either the detergent "Titan Quatdet 
SU 321" or its individual components, as described in Section 2.2.5. 
for bacteria, before determination of the electrophoretic mobilities. 
In all cases the samples in suspension were sonicated for 30 seconds to 
ensure good dispersion of the particles and then held at room 
temperature for 5 minutes to obtain equilibrium before measuring the 
electrophoretic mobilities as described in Section'4.2.1.2. 
Contact angles of polypropylene and polyethylene were determined both 
prior to and following loading to ensure that the milling technique did 
not effect the external nature of the plastic surface. Three 2 cm 
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squares of each loaded plastic were treated with 0.5M hydrochloric acid 
for 3 hours to, remove excess calcium carbonate on the plastic surface. 
Each was washed and sonicated three times in deionized water, each time 
for a period of 5 minutes, and eventually sterilized by dry cycle 
autoclaving. - Contact angles were then determined for each surface as 
described later in Section 4.2.2.1. Contact angles for corresponding 
unloaded plastics, cleaned as in Section 2.2.2 and subsequently acid 
treated, as above, were also determined as controls. 
In addition, the surface chemical composition of the , calcium 
carbonate-loaded plastics were assessed using X-ray photoelectron 
spectroscopy. This was done to ensure that the plastics were not 
adversely affected by the loading procedure and that all traces of the 
calcium carbonate exposed at the surfaces had been removed by the acid 
treatment. This surface analysis was carried out at the University of 
Surrey by Mr BJ Garner. Using the X-ray photoelectron spectroscopy 
technique an X-ray beam is incident on the sample surface at various 
angles. This beam ejects an electron from the inner atomic "shells", 
thereby raising the energy of the atom and rendering it in an excited, 
unstable state. An electron from the next 'shell' then moves into the 
vacancy to decrease the energy and stabilize the atom. Simultaneously 
radiation is emitted by this movement of electrons from an outer shell 
to an inner shell because electrons further from the nucleus have 
greater energy than - those nearer. These energy spectra produced are 
related to the charges on the nucleus and thus characteristic lines are 
obtained for each specific element. By scanning the X-ray beam over 
the sample surface and detecting the energy of the emitted 
photoelectrons a spectrum can be obtained in terms of the type, and 
level of elements present, usually as atomic percentage values. 
4.2.1.2 Microelectrophoresis 
The Microelectrophoresis cell consists of a horizontal glass tube of 
rectangular cross-section, with platinum electrodes inserted at each 
end. These inlets are also used for cleaning and filling (Figures 
4.2(a) and (b)). Platinum black electrodes are used for salt 
concentrations below 0.01M, but otherwise reversible electrodes such as 
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Cu/CuSO4 are used to avoid gas evolution. The reversible electrode 
system is separated by semi-permeable membranes so that the measuring 
cell is completely independent. This enables electrophoretic mobility 
measurements to be made in a variety of suspending media. The cell is 
placed in a temperature controlled water bath to maintain a constant 
external temperature (in this case 20°C (+1°C) because the 
electrophoretic mobility is temperature variable. 
The internal glass surfaces of the cell are charged which causes an 
electro-osmotic flow of liquid near to the tube walls together with a 
compensating return flow of liquid with maximum velocity at the centre 
of the tube since the cell is a closed system. This results in a 
parabolic distribution of liquid speed with depth (Figure 4.3) and the 
true electrophoretic velocity is only observed at locations in the tube 
where the electro-osmotic flow and return flow of the liquid cancel. 
Two such levels exist and are referred to as the stationary levels. At 
levels outside these stationary points the observed electrophoretic 
velocity of the particle is the sum of the osmotic flow and the true 
mobility. For the flat cell the stationary levels are located at 
fractions of about 0.2 and 0.8 of the total depth - the exact location 
depending on the width: depth ratio. 
The electrophoretic velocity was found by timing individual particles 
over a fixed distance (106)im) on a calibrated eye-piece scale at each 
stationary level. The potential across the cell was, adjusted to give 
timings of about 10 seconds; faster times introduced timing error and 
slower times increased error due to Brownian motion. A minimum of 20 
individual timings were, made at each stationary level and the mean 
value was recorded. By alternating the direction of the current, error 
due to drift (caused by leakage or convection) was greatly reduced. 
The electrophoretic mobility of particles travelling towards the 
positive terminal when the potential was applied, were allocated a 
negative sign. However, if the particles travelled in the opposite 
direction under the same conditions, their electrophoretic mobility had 
a positive sign. 
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4.2.1.3 Calculation of Electrophoretic Mobility 
Electrophoretic Speed of the particle 
Mobility Applied potential gradient 
x/ to 
v/1 
XXV 
s 
1x ta 
Where x Distance (106p) which the particle travels in time, (t). 
v Voltage 
t Average time (t) 
1a = Distance separating the electrodes 
(constant for each cell and in this case 6.35 cm). 
Units: The electrophoretic mobility being velocity per unit of 
2 
potential gradient is expressed in the units ms-1V 
1. 
4.2.2 Contact Angle Measurements 
4.2.2.1 
A 'Captive Bubble' method for contact angle measurement was used to 
determine the wetting properties of the test substrata (as listed in 
Section 2.1.4) and test organisms (as listed in Section 2.1.3) under 
the following conditions: - 
(a) The chemically cleaned sterile surfaces as prepared in 
Section 2.2.2. 
(b) The chemically cleaned, sterile surfaces pretreated with 
either the detergent 'Titan Quatdet SU 321' or its individual 
components as described in Section 2.2.5. 
(c) The chemically cleaned, sterile surface pretreated with meat 
filtrates as described in Section 2.2.5. 
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(d) The chemically cleaned, sterile surfaces with an adsorbed 
layer of bacteria. The bacteria under test were grown, 
harvested and resuspended in phosphate buffer as described in 
Section 2.2.1. Each substratum was exposed to the cells by 
total immersion in the phosphate buffer suspension held at 
20°C for a period of 18 hours. After this immersion period 
the substrata were removed, washed three times in 100 ml of 
sterile phosphate buffer to remove any loosely adhered 
bacteria and finally retained in 30 ml of sterile phosphate 
buffer for contact angle determinations. 
The equipment (Figure 4.4) for the 'captive bubble' method consists of 
a horizontal stage, with a source of illumination mounted on one side 
and a telescope, with protactor eye-piece, on the other. The telescope 
is positioned such that it can be moved left or right, or up and down 
relative to the stage. 
A quartz cell, constructed from optical flats, containing the 
substratum sample under test immersed in 30 ml of phosphate buffer was 
placed on the stage. A 20 , um n-octane 
(BDH Chemicals Limited) drop was 
extruded from the tip of an 'Agla' micrometer syringe and slowly 
lowered until it just touched the surface of the substratum. The 
ground glass joints of the the syringe were sealed with a thin film of 
water to prevent evaporation of the n-octane, since evaporation may 
cause the liquid front to retract, and cause receding or intermediate 
contact angles to be observed unintentionally. The intensity of light 
and the telescope position was adjusted until the outer edge of the 
droplet was clearly in focus. The contact angle, 8 (angle the droplet 
makes with the substratum surface), was measured through the aqueous 
phase using a 'Beck' eye-piece (Figure 4.5). Both contact angles e 19 
and e2 were measured and the average value was obtained. The 
procedure was repeated using 10 different areas on each side of the 
same sample as well as for 3 different samples of the same test 
material to obtain a more reliable estimate of surface wettability. In 
each case the recorded value for 8 is the mean of 60 measurements. 
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4.2.2.2 Evaluation of Surface Roughness 
In order to increase the accuracy of contact angle measurement, 'it was 
necessary to keep factors such as drop-size constant. In addition, the 
surface roughness of each substratum was determined to ensure that the 
irregularities were well within the rugosity limit of <0.5ym. However, 
for the polyethylene 'II' the size of some rugosities against the grain 
of the material exceed this limit. To eliminate the effects of such 
roughness on contact angle determinations, measurements were made along 
the grains; here the average rugosity size was 0.25ym and was well 
within the 0.5ym limit. Surface roughness values for the stainless 
steel, polypropylene 'B' and polyethylene 'II' surfaces were determined 
using a commercial surface finish testing instrument. '' 
4.2.3 Hydrophobic Interaction Chromatography (HIC) 
Bacterial strains isolated from meat cutting surfaces in the initial 
stage of the study and listed in Section 2.1.3 were tested. These test 
organisms were grown and harvested as described in Section 2.2.1 and 
100 ml portions of the subsequent phosphate buffer suspensions were 
held at 20°C for an interval of 6 hours. After this period 30 ml 
aliquots of the suspensions were centrifuged at 1500 xg for 10 
minutes, and the resulting supernatants were discarded. The cell 
pellets were washed gently twice in sterile phosphate buffer and 
finally resuspended in sufficient 4. OM sodium chloride (buffered with 
10mM sodium phosphate buffer at pH 6.4) to obtain an homogeneous 
suspension, containing 1x 1010 bacteria ml-l, for HIC. The sample was 
sonicated for 30 seconds to disperse any aggregates which may have 
resulted in mechanical trapping and not specific binding in the column. 
The hydrophobic derivatives of 'Sepharose', 'phenyl-Sepharose CL-4B' 
(Lot No IL33777 - Pharmacia Limited) and 'octyl-Sepharose CL-4B' 
(Lot No IB28564 - Pharmacia Limited) both containing approximately 40 
ymol ligand ml-1 of gel, were washed extensively with buffered 4. OM 
sodium chloride to remove any fine particles and the sodium azide and 
ethanol added to the agarose gel suspensions as preservatives. These 
suspensions were degassed by sonication and allowed to equilibrate at 
20-25°C for 5 minutes prior to use at the same temperature. 
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The chromatography columns which comprised short-ended glass Pasteur 
pipettes, with an internal diameter of 5 mm and a length of 85 mm, were 
plugged with glass wool and clamped upright. For all experiments the 
'Sepharose' gel beds were packed to a height of 30 mm (approximately 
0.6 ml gel bed volume) by gravity feed and washed twice with 10 ml of 
buffered 4. OM sodium chloride solution. 100yl of bacterial suspensions 
in 4. OM sodium chloride were allowed to drain into the gel bed. Then 
4. Oml of sodium chloride solutions of different molarities (4.0 - 
0.15M) were used to elute the bacteria from the column; the 4. OM wash 
removes the non-adsorbed bacteria whereas the lower molarities desorb 
the bacteria. The turbidity of the eluate was compared with that of 
100y. 1 volume of the original bacterial suspension, in 4.0 ml of the 
appropriate salt solution, by measuring the absorbance at 600 nm. The 
results were expressed as the percentage of bacteria adsorbed, 
calculated from: [(the number of cells applied minus the number of 
cells eluted) divided by the number of cells applied) multiplied by 
100)]. 
The hydrophobicity of organisms pretreated with meat extracts was also 
determined. Lean meat was homogenized and filtered as described in 
Section 2.2.3. The resulting filtrate was used for pretreatment of 
bacteria, in accordance with the procedure described in Section 2.2.4, 
prior to HIC using the 'Octyl-Sepharose CL-4B' derivative. 
" For the evaluation of hydrophobicity using both Octyl- and Phenyl 
- Sepharose derivatives the same batch of cultures were used. The 
procedures for each sample more repeated eight times and the mean 
values were recorded. 
Chromatography in each case was also performed on 'Sepharose CL-4B' 
(Lot No. 563/34 - Pharmacia Limited), with no ligand attached, as a 
control for possible non-specific adsorption effects with the agarose 
gel beads. 
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4.3 RESULTS 
4.3.1 Surface Charge: Electrophoretic Mobilities. 
The electrophoretic mobilities of the different organisms, in 0.01M 
sodium phosphate buffer are listed in Table 4.1 and give an indication 
of their different net charge densities. For the untreated organisms 
the values range between -2.1 (For Staphylococcus) and - 1.0 x 
108 m2s-1V 
1 (for Moraxella). Following meat liquor treatment the 
values of the electrophoretic mobilities of Acinetobacter, Enterobacter 
and Staphylococcus were lowered, probably as a consequence of polymers 
adsorbing from the meat extracts and exhibiting their own particular 
charge characteristics. For the bacteria Moraxella and Pseudomonas 
adsorption of beef and pork polymers similarly reduced the value of the 
electrophoretic mobilities, while the adsorption of polymers and/or 
salt-ions acting as counter-ions from the bacon filtrate appeared to 
increase the value of the initial electrophoretic mobility. For all 
the bacteria examined before and after treatment, negative 
electrophoretic mobilites were obtained. 
For the clean substrate (Table 4.2) the electrophoretic mobilites range 
between - 4.17 (for stainless steel) and -0.78 x 108m2s-1V 
1 (for 
polyethylene 'II'). The negative values were either reduced or 
converted to positive after immersion in the meat liquors and by 
treatment with either the quaternary ammonium detergent or its 
components. Unlike the values for the bacteria, the electrophoretic 
velocities of the substrata, determined before and after treatment, did 
not follow a general trend. In all cases the electrophoretic 
mobilities were measured accurately to + 0.1 x 108m2s-1V 
1 
and 
reproducibility could only be obtained to + 0.5 x 10m2s- 
11 8 V. 
The data for the x-ray photoelectron spectroscopy analysis of calcium 
carbonate loaded polypropylene 'B' and polyethylene 'II' surfaces are 
given in Figures 4.6 and 4.8 respectively. From these it can be seen 
that apart from the surface components (carbon and oxygen) there are 
only trace amounts of chlorine and calcium present. These appear to be 
entirely superficial contaminants, since removal of 6 nm of the upper 
layer of polypropylene 'B' and polyethylene 'II' surfaces 
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by ionised Argon etching (Figures 4.7 and 4.9 respectively) removes all 
traces of both components. The chlorine and calcium components are 
both present at less than 1% level, thus their overall effect on the 
nature of the surface is likely to be minimal. 
4.3.2 Surface Wettability: Contact Angles 
Captive bubble contact angles were determined for the clean substrata, 
and again after pretreatment of the surfaces with' either a quaternary 
ammonium detergent or fluids extracted from homogenized beef, pork or 
bacon meats. The results obtained are given in Table 4.3. They show 
that the stainless steel is hydrophilic since it has a low contact 
angle value, probably due to the presence of its oxide layer having a 
large number of chemically or physically adsorbed water molecules 
(Morimoto et al., 1969). The plastics appear to be very hydrophobic 
exhibiting high contact angle values. 
Exposure to the meat extracts caused a distinct change' towards 
hydrophilicity with the plastics and a further increase in 
hydrophilicity for the already hydrophilic stainless steel. Treatment 
with the detergent 'Titan Quatdet SU 321' caused only small shifts in 
the contact angle values whereas its individual components caused 
significant increases in the hydrophilicity of stainless steel. In 
contrast, the cationic detergent and the organic sequestring components 
both increased the hydrophobicity of the plastics and only pretreatment 
with the complete detergent formulation or the non-ionic detergent 
component lowered the contact angle value; converting the very 
hydrophobic nature of the plastic to a more hydrophilic one. 
For the individual organisms adsorbed to clean substrata the contact 
angle values obtained (Table 4.4) were similar and lie between 380, for 
Acinetobacter, and 220 for Enterobacter. 
In all cases the advancing angles only were obtained because when 
determining receding angles for the pretreated surfaces, the n-octane 
droplet tended to 'strip-off' the adsorbed layer giving contact angle 
measurements that were no longer representative of the original system. 
In addition, for clean surfaces the receding values on the scratched 
168 
metals and plastics were not reproducible. All contact angles were 
measured accurately to + 0.20 and reproducibility was obtained within 
an error of + 50. 
Contact angles of both 
polyethylene and polypropyl( 
is presented in Table 4.5. 
but insignificant shifts 
polyethylene from 137.0 0 to 
to 134.7. ° 
calcium carbonate-loaded and unloaded 
one substrata were determined and the data 
Carbonate loading tends to cause slight, 
in the initial values obtained for 
138.1 and for polypropylene from 139.00 
The surface finish testing technique was used to evaluate the surface 
roughness of the different substrata. From the data in Table 4.6 it 
can be seen that surface roughness of the samples increases in the 
order: Stainless steel < polypropylene 'B' < polyethylene 'II', and 
that all mean values were within or equal to the critical 0.5 )im. 
4.3.3 Microbial Surface Wettability: Hydrophobic Interaction 
Chromatography 
Suspensions of the isolates were chromatographed on 'phenyl-sepharose 
CL-4B' and 'octyl-sepharose CL-4B' in the presence of 4. OM sodium 
chloride. In general, the results show (Table 4.7) that the 
Gram-positive Staphylococcus adsorbs to these hydrophobic gels to a 
lesser extent than the Gram-negative Acinetobacter, Enterobacter, 
Moraxella and Pseudomonas. In addition, with the exception of 
Acinetobacter, the Gram-negative bacteria have a greater affinity for 
the aliphatic octyl ligand since a greater percentage of bacteria 
adsorbed to this gel than to the aromatic phenyl derivative. In 
contrast, for the Gram-positive Staphylococcus similar adsorption 
values ( 55%) were obtained for both derivatives. 
As a control to check for possible interaction of the organisms with 
the polysaccharide gel matrix, the isolates were chromatographed on 
'sepharose' CL-4B in the presence of 4.0M sodium chloride. The results 
in Table 4.7 show that some non-specific interaction occurs between the 
bacterial surface and the matrix since adsorptions of 21.8% (for 
Enterobacter) to 33.0% (for Acinetobacter) were obtained with the 
unsubstituted agarose gel columns. 
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By varying the molarities of the eluting sodium chloride solution the 
effects of salt concentration on the adsorption of bacteria to 
'octyl-sepharose CL-4B' were determined. From the data shown in 
Table 4.8, it can be seen that some, although not extensive, desorption 
takes place from the 'octyl-sepharose' derivative by the lowering of 
the ionic strength. Marked reduction in adsorption was obtained only 
when a solution <0.5M was used. Even at this low salt concentration 
the total recovery of the organisms from the gel column was less than 
50% (ranging from 25.4% for Enterobacter to 41.2% for Acinetobacter). 
The exception, is Staphylococcus where total recovery was 82.6%. 
Organisms pretreated with meat filtrates from raw beef, pork, and bacon 
were chromatographed on 'octyl-sepharose' to determine the effects of 
meat constituents on the hydrophobicity of the isolates. The results 
obtained are given in Table 4.9. They show that for Pseudomonas and 
Moraxella the treatment with meat liquor caused a reduction in the 
percentage of organisms retained in the column, whereas for 
Staphylococcus and Acinetobacter an increase was observed. For 
Enterobacter, however, both an increase to 91% (with Pork) and a 
decrease to 71% (with beef and bacon) was obtained. 
4.4 DISCUSSION AND CONCLUSIONS 
For the purposes of this study microelectophoresis has proved to be a 
useful technique for characterizing the net surface charge of the 
bacteria and that of the different substrata. In contrast to chemical 
methods of analysis, this technique had the advantage of providing 
information which referred specifically to the outermost region of the 
organism from measurements which did not disrupt the cells. 
Before the microelectrophoresis technique could be employed for the 
solid substrata it was necessary to obtain supendable particles of 
microscopic size. This proved impossible for the plastics as a result 
of their low specific gravities. To overcome this problem it was 
necessary to obtain the same plastics with greater density but 
unaltered surface characteristics. This was achieved by loading the 
plastics with calcium carbonate. 
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Relative quantities of plastic pellets and calcium carbonate powder 
required to obtain a density of >1. Og ml-1 were computer calculated, 
and the substances were mixed using the extrusion technique (Briston 
and Katan, 1974). Although extrusion is commonly used in the 
production of many plastics, it failed to produce a loaded plastic of 
the required density. A second technique, the two-roller milling, is 
quantitatively less accurate but proved useful since it produced loaded 
plastics of the correct specific gravity required for the 
microelectrophoretic determinations. This milling technique, however, 
may have caused oxidation of the plastic (especially polypropylene 'B') 
during processing which is likely to effect surface polarity. In order 
to evaluate the adverse effects of oxidation on the nature of the 
plastics, contact angle values for each plastic both before and after 
calcium carbonate loading were determined. The values obtained were 
very similar in both cases, with the variation being within the 
experimental error commonly attributable to sample differences. In 
addition to this, surface scanning of the loaded plastics with an X-ray 
photoelectron spectrometer has shown the surfaces to be virtually 
unaltered by the loading technique; deposits of chlorine and calcium 
were detected but these were present at very low concentration (1%) and 
such levels are unlikely to have had any dramatic effect on the overall 
surface properties. The combined results of the contact angle 
measurement and the XPS analysis suggest that extensive oxidation of 
the plastics did not occur and that the loading technique did not 
affect the surface properties of either plastic. Hence the 
electrophoretic mobility data obtained for the loaded samples are 
directly applicable to the unloaded plastics used in related areas of 
this study and therefore, could be used for comparative analysis. 
Contact angles were determined for each substratum and bacterium 
surface because they are thought (Hamilton, 1972) to correlate well 
with properties such as surface energy and wettability. Furthermore, 
contact angles are easily measured and good reproducibility has been 
obtained by different workers- (Hamilton, 1972; Dexter et al., 1975). 
Any reproducibility errors obtained are mainly attributable to the fact 
that a solid surface, unlike a liquid, shows a far greater degree of 
heterogeneity; the contact angles measured are thus subject to 
variability as a result of unavoidable sample differences. 
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Since the spreadability of organic liquids on high energy surfaces is 
limited by the presence of one or more condensed monolayers of 
physically bound water, independent of the chemical composition of the 
underlying substrata, there is a strong possibility that water adsorbed 
on such high-energy surfaces will affect their wettability. Indeed 
Johnson and Dettre (1966) and Shafrin and Zisman (1967) have 
demonstrated by different methods that the clean surface of bulk water 
is itself a low energy surface. High localized concentration of water 
in the meat process line will influence, but probably not overshadow, 
the wettability changes arising from adsorption of meat constituents. 
For this reason contact angle measurements were carried out under 
aqueous conditions to represent the conditions in situ. At this stage 
it is--important_to__note-the limitations__Qf_this, 
` experimental-approach; 
the main gain from the contact angle work has not been an absolute 
determination of surface energy but rather a relative ranking of 
surface properties of the materials undertest. However, this was 
sufficient to meet with the requirements of this particular comparative 
study and proved a valuable technique for determining the wettability 
characteristics for the range of substrata. It must be noted that the 
contact angle values obtained in each case compare favourably with 
those of other workers (Hamilton, 1972; Busscher et al., 1984). 
From the results obtained, using the surface finish testing technique 
it was found that the surfaces of both plastics were much rougher than 
that of stainless steel, although microscopically the polypropylene 'B' 
appeared to be relatively much smoother than the stainless steel. It 
is probable that the latter surface although comprising of individual 
segments was uniform and optically flat, while the continuous surface 
of the polypropylene 'B' was prone to more irregularity and was not 
optically flat. The irregularities of both plastic surfaces may have 
affected the contact angles determined since surface roughness, as 
previously discussed affects such measurements. Nevertheless, the 
rugosites of the plastics surfaces lie mainly below or just at the 
critical 0.5 ym value (Johnson and Dettre, 1969) and are unlikely to 
have substantially altered the angles experimentally obtained. Thus, 
direct comparison of the hydrophobic/hydrophilic nature of the 
different test substrata was possible. 
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The physicochemical analysis of the bacterial cells was possible 
because bacteria behave as colloids in suspension. However, as a 
result of their biological characteristics they are unable to behave as 
inert colloids, thus to enable accurate evaluation of their 
physicochemistry, certain precautions were necessary. Wettability and 
charge characteristics of bacterial cell walls are dependent upon their 
component materials and these in turn vary in composition with 
physiological activity and cellular age (Brown et al., 1977; Fletcher, 
1977) as well as with culture conditions (de Boer et al., 1975). To 
reduce such effects she cells were suspended in 0.01M sodium phosphate 
buffer which retained cell viability but stopped growth and division. 
In addition, this low ionic strength buffer produced a greater 
electrical double layer so that groups situated 'deeper in the rough 
substrata were liable to be detected' (Sherbet, 1978). In other words, 
at low ionic strengths the particles behaved as if they had a smooth 
surface. In addition to growth, the pH and temperature are also known 
to affect the physicochemical characterization of surfaces 
(Shaw, 1980), for this reason a temperature of 20°C and pH 6.4 to 
simulate the conditions in the meat processing industry were used 
throughout the analysis. 
Despite all complications electrophoresis is a powerful' and practical 
tool as long as absolute quantitative values are not required (Cantor 
and Schimmel, 1980). To meet with the constraints of this technique 
and because it is known (Fletcher, 1977) that cell surface charge 
varies with growth phase, the organisms Acinetobacter, Enterobacter, 
Moraxella, Pseudomonas and Staphylococcus all in the same growth 
(logarithmic) phase were tested. The bacteria all possessed a net 
negative surface charge which is attributed predominantly to the 
phosphate, sulphate and alpha-carboxylic groups of the cell surface 
polymers (Sherbet and Lakshmi, 1973; Lillard, 1985). 
It has been suggested by Brinton et al. ' (1954) that' organisms 
possessing surface structures such as fimbriae or flagella have lower 
electrophoretic mobilities due to the low radius of curvature of these 
protrusions. However, Heckels et al., (1976) have shown this not to be 
the case, and have found the negative surface charge of these 
protrusions to be similar to that of the bacterial surface. Neither 
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argument could be substantiated by the data obtained in this particular 
investigation since to eliminate the complications of cell motility the 
flagella were removed by sonication prior to electrophoretic mobility 
determinations. 
The adsorption of polymers and/or ions from the meat extracts appear to 
reduce the negative electrophoretic mobilities of the cell surface; 
with the specific effects mediated by the initial properties of the 
surface itself. The charges at both the bacterial cell and the polymer 
molecule surfaces are likely to be neutralized by counter-ions present 
in the meat liquors. If it is energetically favourable the polymers 
(for example myosin protein) will adsorb onto the cell surface from 
solution; bacterial surfaces being generally hydrophobic (as shown by 
HIC) will enable adsorption of polymers with hydrophobic moieties. On 
adsorption redistribution of charge is likely to occur due to 
electrical and chemical effects. The number of ions that are then 
transferred from the meat liquors to the adsorbed polymer layer is 
dependent on the charge distribution in that layer (Norde, 1980). The 
amount of transferred ions, necessary to avoid high potential in the 
adsorbed layer is, therefore, indirectly dependent on the initial 
electrokinetic. surface charge density of the untreated cell surface. 
Since the bacterial cell surface is negatively charged large amounts of 
cations will be incorporated thereby reducing the initial negative 
charge and consequently, lowering the electrophoretic mobility. 
High density polyethylene 'II' - (CH2-CH2)n and polypropylene 
(CH2CHCH3)n are non-polar linear polymers and because they are poor 
conductors of electricity are subject to static charge build up. The 
polyethylene 'II' acquired a low negative electrophoretic mobility 
value in phosphate buffer, whereas the values for the oxidized 
stainless steel and polypropylene 'B' were higher i. e more negative. 
Since in all cases the substrata were negatively charged they were 
likely to adsorb cations from the medium, for example, from the meat 
liquors, especially those with a relatively higher charge number 
(Mg2+, Cat+). As observed with the plastics it is possible for 
counter-ion adsorption to cause a reversal of the initial charge. 
Adsorption of proteins may neutralized the high surface charge density 
of the substratum and thereby increase the number of bacteria able to 
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attach. In particular the ionic strength to protein ratio of the 
different meat filtrates (as given in Section 3.3.2) appears to affect 
the surface charge of the substratum. This is expected' since the 
adsorption mechanism of proteins is highly dependent on the ionic 
strength of the surrounding medium (Norde, 1980). It appears that the 
greater the level of ions with respect to protein in the treatment 
extract, the greater will be the negative electrophoretic mobility of 
the treated substrata. 
That is: - 
Ionic strength : Protein ratio of Pork < Beef < Bacon liquors 
Negative electrophoretic mobilities of Pork < Beef < Bacon liquors 
substrata treated with. 
Gingell and colleagues (Gingell et al., 1977; Gingell and Todd, 1980) 
have also shown that, with glutaraldelyde fixed cells, attachment to a 
simple paraffin/saline interface could be prevented by reducing the 
salt concentration, as a result of changes in the surface charge 
characteristics. 
As is the case for the bacterial cells, the wettability of each 
substratum surface also plays an indirect role in the determination of 
the new charge characteristics of the adsorbed layer. As previously 
discussed the adsorption of ions from solution increases with the 
hydrophobicity of the surface (Norde, 1980) and as a possible result of 
extensive counter-ion -adsorption the negative electrophoretic mobility 
of the hydrophobic plastics were in some cases converted to a positive 
value. This conversion, however, was not obtained for the hydrophilic 
stainless steel nor indeed for the polyethylene or even polypropylene 
surfaces pretreated with bacon filtrate, which has the highest 
concentration of ions. 
The detergent 'Titan Quatdet SU 321' and its components either reduce 
the negative surface charge of 'the substratum or convert it to a 
positive value. The cationic detergent component is attracted to the 
negatively charged sites, causing a reduction in the negative 
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potential. In contrast, the organic sequestring agent binds with 
Cat+/Mg2+ ions to form non-adsorbed complexes which reduces the effects 
of counter-ion adsorption at the surface, thereby increasing its 
apparent negativity. 
In the complete detergent formulation, a combined effect of both the 
removal of Ca2+ ions from the surface by the organic sequestrant, and 
the adsorption of the quaternary ammonium component onto the available 
negatively charged sites results in a reduction of the overall negative 
charge of the substratum. 
Hydrophobic polymer surfaces, such as the plastics undertest interact 
with liquids solely through dispersion forces (Hamilton, 1972). On 
these hydrophobic surfaces, in the presence of phosphate buffer, an 
n-octane droplet produced a high contact angle valve, the highest being 
1390 for polypropylene 'B'. Conversely, hydrophilic materials, such as 
the stainless steel, can interact through both dispersion and polar 
forces. Both the octane and the aqueous phase (phosphate buffer) are 
affected by the dispersion forces, but only the aqueous phase can 
interact with the polar surface sites on these solids. The water 
molecules, therefore, responding to the polar sites cause the octane 
drop to recede from the 1390 contact angle, where only dispersion 
forces are present, and an angle of < 1390 is obtained. The stronger 
the polar forces, that is the more hydrophilic the surface, then the 
lower the octane angle. 
It is apparent from the values obtained for polyethylene 'II' and 
polypropylene 'B' that the n-octane/buffer/solid contact angles are 
insensitive to differences among surfaces which have diverse dispersion 
force interactions, but which are incapable of polar interactions. 
However, polymers with polar groups on their surfaces cause 
octane/buffer/solid contact angle to decrease. 
The adsorbed polymer films from the meat extracts appear to introduce 
polar groups onto hydrophobic surfaces as well as increasing those 
initially present on the hydrophilic stainless steel surface. For the 
hydrophobic polyethylene 'II' and polypropylene 'B' the initial 
respective 1370 and 1390 contact angles obtained when only dispersion 
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forces were acting, receded to <360 and <980 respectively by the 
interaction of strong polar forces introduced by the adsorbed films. 
It appears that the substratum takes on the chemical characteristics of 
the adsorbed meat polymers and following adsorption both the 
hydrophilic and the hydrophobic substrata become more water wettable. 
When considering the individual components of the meat extracts (as 
given in Section 3.3.2) it appears that wettability of the treated 
surface is affected by the protein: lipid content of the treatment 
liquor. The greater the level of protein with respect to fat in the 
meat filtrate the greater is the degree of hydrophilicity. That is: - 
Protein: Lipid ratio of Pork < Beef < Bacon liquor 
Contact Angle for Pork < Beef < Bacon liquor 
substrata treated with 
(increasing hydrophilicity ---> ) 
This is not surprising since adsorption from solution is a competitive 
process and the mutual interplay between all components in the system 
determines the mode of adsorption and consequently, the structure of 
the adsorbed layer. For example, the greater the level of protein with 
respect to lipid in the medium, the greater will be its adsorption 
especially to hydrophilic surfaces. However, in the presence of 
hydrophobic surfaces the hydrophobic lipids are more liable to adsorb 
irrespective of the protein: lipid ratio. 
In contrast to meat liquors, the quaternary ammonium detergent appears 
to have very little effect on either the dispersion or polar forces, 
since almost negligible shifts in contact angle values were obtained 
for both surface types. It appears that the individual components, 
cationic detergent, non-ionic detergent and organic sequestrant, do not 
behave in exactly the same way as the complete detergent; each 
producing opposite effects on the wettability of the substrata. 
One explanation for this is that the individual components interact 
with each other through apolar and/or polar forces while in solution. 
The resulting complexes in turn have different adsorptive 
characteristics to, their counter part free polymers and conversely 
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exhibit different surface properties on adsorption to the substratum. 
Alternatively, it may be that each individual component is specifically 
involved in the interaction between the detergent and the work surface, 
in such a way that it aids the specific activity of another component 
making the detergent more effective in its overall function. For 
example, the non-ionic detergent appears to increase the wettability of 
the surface and, thus, will enable greater spread and a more intimate 
contact of the quaternary component with the surface. This in turn 
will be able to exert greater anti-bacterial activity by disruption of 
cell wall functions. The increase in wettability produced by the 
non-ionic detergent, as well as aiding the inactivation of adhered 
cells will also encourage spontaneous detachment of hydrophobic 
bacteria from the substratum or will enable relatively easy removal by 
mechanical means, such as brushing. This wettability mechanism is 
probably more effective on hydrophilic stainless steel than on the 
plastics and may to some extent explain why a lower number of organisms 
were isolated from the stainless steel surfaces than from'the plastic 
surfaces after cleansing during field sampling session I (Section 
3.3.1.1). 
In general, it appears that contact angles are' useful parameters for 
investigation since they provide a measurement of wettability and give 
an indication of the surface free energies; which are of great 
significance in both biological and non-biological adhesion. In 
addition, as shown with the meat extracts, they can give an indication 
of the level and conditioning effects of macromolecules adsorbed from 
process line constituents. Consequently, contact angles may prove a 
simple test for industry to pre-determine surfaces which may encourage 
biofilm formation or enable evaluation of different detergents and 
cleansing techniques currently in use. 
Although the contact angle technique proved useful for the substrata, 
it did not prove suitable for the evaluation of the bacterial surface. 
Variation in measurements for single samples suggested that a uniform 
homogeneous layer of cells was not obtained and, hence, total 
confidence could not be place in the results. In addition, when the 
error factor of +50 was taken into consideration the contact angles 
determined for he range of organisms tested appeared similar. 
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Although more accurate contact angles can be measured in air, using 
either air-dried bacterial films or a lawn of bacterial colonies on 
agar, such techniques deviate from the original system used in this 
study and would have little bearing on the aqueous system under test. 
In addition, the agar would introduce surface active impurities into 
the system, thereby, increasing the error factors. To avoid these 
complications it was necessary to use a second technique which allowed 
evaluation in the aqueous phase, but retained the initial experimental 
conditions; the hydrophobic interaction chromatography technique 
appears to comply with these limitation. 
The hydrophobic surface properties of the bacteria Acinetobacter, 
Enterobacter, Moraxella, Pseudomonas, and Staphylococcus, were 
determined using the hydrophobic interaction chromatography technique. 
This was done to evaluate the significance of the hydrophobic nature of 
the cell surface to the adhesion capacity of the organism. Neutral 
'sepharose' gels (phenyl- and octyl-'sepharose' CL-4B) were chosen for 
the screening of hydrophobic characteristics to exclude electrostatic 
interactions. Both the phenyl- and octyl- derivatives were used so as 
to cover the range of hydrophobicities that may be present; phenyl 
'sepharose' is useful for a wide range of substances since suitable 
interactions can be obtained by increasing the ionic strength of the 
medium, whereas octyl-'sepharose' due to its stronger hydrophobic 
nature at low ionic strength is most suitable for very hydrophilic 
particles. 
When both adsorbents were used for a single batch culture it was found 
that the organisms had a greater affinity for the octyl derivative than 
the phenyl one. This is not surprising since it is known (Pharmacia 
Fine Chemicals, 1979) that the aliphatic octyl group is more 
hydrophobic than the aromatic phenyl ligand at the same ionic strength. 
In addition, for Pseudomonas, Moraxella and Acinetobacter different 
relative hydrophobicities were obtained for the two different 
'sepharose' derivatives. This may be attributed to the presence of 
weakly hydrophobic structures on the Pseudomonas and Moraxella 
membranes which. bind only to the very hydrophobic octyl ligand, 
therefore, a much greater percentage of these organisms were retained 
in the column packed with the octyl-'Sepharose' gel. Since all the 
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organisms showed an increased affinity for octyl-'Sepharose' CL-4B, 
this particular derivative was used for the remainder of the analysis. 
The hydrophobicity of the organisms, as obtained by HIC decrease in the 
order Enterobacter > Pseudomonas > Moraxella > Acinetobacter > 
Staphylococcus. It appears that Enterobacter, Pseudomonas, and 
Moraxella, have higher surface hydrophobicities than the 
Acinetobacter, and Staphylococcus. The hydrophobicity in each case is 
probably attributed to the presence of certain proteins and aliphatic 
polymers (for example, lipopolysaccharide and lipoteichoic acid) on the 
microbial cell surface. Beachey (1981) has suggested that for 
Streptococcus pyogenes, surface-exposed fatty-acid residues of 
lipoteichoic acid bind to bovine serum albumin and epithelial cell 
receptors by hydrophobic interactions. In general the total recovery 
of organisms from the column after eluting was <50%, similar ionic 
recoveries have been reported for adsorption of organisms to 
phenyl-'Sepharose' gel by Magnusson et al., (1979). The exception is 
Staphylococcus, where total recovery was 82.6% indicating weak 
hydrophobic interactions resulting from low surface hydrophobicity. 
Colleen et al., (1979) using the two-phase partitioning technique 
similarly reported low surface hydrophobicity for Staphylococcus 
saprophyticus. 
In addition to the hydrophobic octyl-ligand of the octyl- derivative 
being specifically involved in the interaction with the bacteria, the 
matrix 'sepharose' CL-4B also retained a fraction of the 'organisms. 
For example, 23.8% of Pseudomonas was retained on the unsubstituted gel 
compared with 84.6% on the octyl derivative. Ochoa (1978) has reported 
that non-polar 3,6- methyl diether bridges present in agarose (a 
polysaccharide) exhibit hydrophobic properties at high salt 
concentration, and these groups may contribute to the hydrophobic 
interaction of the bacteria with the matrix. 
A characteristic feature of all hydrophobic interactions is that they 
diminish upon decreasing the ionic strength of the medium, thus the 
bacteria were easily desorbed from the octyl-'Sepharose' by lowering 
the molarity of the sodium chloride eluting solution. The effect of 
ionic strength on hydrophobic interactions can be explained with 
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reference to their mechanism. It has been reported (Ochoa, 1978; 
Rutter and Vincent, "1988) that when a hydrophobic colloid is introduced 
into water there is an increase in the degree of order of water 
molecules around the hydrophobic groups. But, once these hydrophobic 
groups come into contact with each other, the water molecules are 
displaced and the degree of disorder of the water molecules is 
increased, and they are excluded in the region of contact. It seems 
conceivable that an increase in the sodium salt concentration enhances 
the hydrophobic interaction between the micro-organism amd the 
substituted 'Sepharose' gel by increasing the degree of disorder of 
water molecules and reducing the availability of bulk water. The 
reverse situation is obtained for a reduction in the ionic strength, 
resulting in weaker hydrophobic interactions. 
Although the performance of HIC in high salt concentration is designed 
to accentuate hydrophobicity, the effects of high salt concentration on 
bacterial morphology and/or on the expression of cell surface 
components often imposes certain limitations on the interpretation of 
the data when considering its applicability to natural conditions. 
However, in the case of this study the high salt concentration of the 
process-line constituents especially for bacon (as given in Section 
3.3.2) is probably present as a component contributing to overall 
surface characteristics of both contact surfaces. The hydrophobicity 
values obtained for the organisms at high ionic strengths are, 
therefore, likely to have direct bearing on the hydrophobicities 
exhibited in the environment of the meat processing equipment. 
Treatment of the organisms with the individual meat filtrates produced 
no specific trends. Each bacterium exhibited a different sequential 
trend with beef, pork or bacon liquors, which highlights the individual 
characteristics of the cell surfaces and their specific mode of 
interaction with environmental components. No simple conclusions can 
be drawn from the data when only an adsorbed layer of meat 
macromolecules on to the cell surface is considered. However, two 
specific properties of the meat liquors may have a profound effect on 
the hydrophobic interactions between the bacterial membrane and the 
processing surface. Firstly, the pH of the meat liquors; a decrease in 
pH increases the hydrophobic interaction. Secondly, the ionic 
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strength; an increase in salt concentration results in increased 
hydrophobic interactions. Bacon liquor has a very high ionic strength 
with respect to pork and beef (Section 3.3.2) and thus, the bacon 
liquor will increase the hydrophobic activity. From this it can be 
deduced that greatest hydrophobic interactions will occur between very 
hydrophobic organisms and the bacon processing surface, and the least 
between relatively hydrophilic organisms and beef processing surfaces. 
The values obtained using the HIC technique bear little resemblance to 
the values obtained using the contact angle technique. It can be 
argued that contact angles measure the overall quantative expression of 
the hydrophobic and hydrophilic sites, whereas in HIC only a few 
strongly hydrophobic sites on the surface will cause the bacteria to 
adsorb to the gel. However, it may be these few very hydrophobic sites 
that are specifically involved in the adhesion mechanism itself. In 
addition, inadequate film formation obtained for contact angle 
determination may have contributed to the deviation of the results. 
Although the degree of hydrophobicity exhibited by micro-organisms 
appears to be dependenet upon the methods employed, in this particular 
investigation hydrophobic interaction chromatography appears to be an 
invaluable technique for the comparative evaluation of the hydrophobic 
nature of the range of bacteria under consideration. 
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Table 4.1 
Electrophoretic mobilities of untreated and meat liquor treated 
organisms in 0.01M sodium phosphate buffer (pH 6.4)'at 20 °C (+ 1°C) 
Organism 'Treatment' Electrophoretic mobility 
x 108m2s 
lV 1 
Acinetobacter Untreated organism -1.7 (+ 0.11) 
Bacon - liquor treated -1.6 (+ 0.02) 
Beef - liquor treated -1.0- (+ 0.08) 
Pork - liquor treated -0.9 (+ 0.13) 
Staphylococcus Untrea ted organism -2.1 (+ 0.21) 
Bacon - liquor treated -1.6 (+ 0.05) 
Beef - liquor treated -0.6 (+ 0.06) 
Pork - liquor treated -0.5 (+ 0.01) 
Enterobacter Untrea ted organism -2.1 (+ 0.41) 
Bacon - liquor treated -1.7 (+ 0.06) 
Beef - liquor treated -0.7 (+ 0.03) 
Pork - liquor treated -1.0 (+ 0.12) 
Pseudomonas Untreated organism -1.2 (+ 0.02) 
Bacon - liquor treated -1.8 (+ 0.03) 
Beef - liquor treated -0.7 (+ 0.16) 
Pork - liquor treated -0.9 (+ 0.02) 
Moraxella Untreated organism -1.0 (+ 0.08) 
Bacon - liquor treated -2.0 (+ 0.16) 
Beef - liquor treated -0.9 (+ 0.03) 
Pork - liquor treated -0.8 (+ 0.06) 
Note: mean value + standard deviation of 4 determinations 
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Table 4.2 
Electrophoretic mobilities of pre- and post-treated substrata 
in 0.01M sodium phosphate buffer (pH 6.4) at 20°C (+ 1°C) 
Treatment Stainless steel Polyethylene 'II' Polypropylene 'B' 
Clean untreated 
Bacon extract 
adsorption 
Pork extract 
adsorption 
Beef extract 
adsorption 
'Titan Quatdet SU321' 
adsorption 
Components of detergent 
'Titan Quatdet SU321': 
Organic sequestrant 
adsorption 
Cationic detergent 
adsorption 
Non-ionic detergent 
adsorption 
-4.17 (+ 0.03) -0.78 (+ 0.09) -1.21 (+ 0.08) 
-1.96 (+ 0.01) -0.39 (+ 0.07) -1.61 (+ 0.11) 
-0.48 (+ 0.03) -0.98 (+ 0.01) +1.09 (+ 0.03) 
-0.44 (+ 0.08) -0.27 (+ 0.01) +0.35 (+ 0.04) 
-3.47 (+ 0.06) +0.65 (+ 0.03) -1.16 (+ 0.01) 
-4.51 (+ 0.07) -1.88 (+ 0.07) -1.96 (+ 0.07) 
-3.93 (+ 0.02) +1.51 (+ 0.04) -1.88 (+ 0.03) 
-1.98 (+ 0.09) +1.05 (+ 0.23) -1.09 (+ 0.01) 
Note: Mean value + standard deviation of four determinations 
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Table 4.4 
Mean contact angles of adhered untreated bacteria 
in 0.01M sodium phosphate buffer (pH 6.4) at 20°C (+ 1°C) 
Organism Contact angle 
Acinetobacter 380 (+ 8.0) 
Pseudomonas 300 (+ 3.8) 
Moraxella 29° (+ 7.0) 
Staphylococcus 24° (+ 7.9) 
Enterobacter 22° (+ 6.6) 
Note: Mean value + standard deviation of 6 determinations 
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Table 4.5 
Effects of calcium carbonate loading on the wettability of the plastic 
substrata in 0.01M sodium phosphate buffer (pH 6.4) at 20°C (+ 1°C) 
Sample Mean contact angles 
Before calcium carbonate After calcium carbonate 
loading 
Polyethylene 137.00 (+ 3.3) 
Polypropylene 139.00 (+ 3.9) 
loading 
138.1° (+ 4.8) 
134.7° (+ 2.0) 
Note: Mean value + standard deviation of 8 determinations 
1 B7 
Table 4.6 
Evaluation of surface roughness using the Surface Finish Testing technique 
Substratum Average surface roughness value 
Stainless steel 0.07 (+ 0.02) pin 
Polypropylene 'B' 0.17 (+ 0.04) pin 
Polyethylene 'II' 0.25 (+ 0.11) In along the grain 
0.50 (+ 0.20) }un against the grain 
Note: Mean value + standard deviation (maximum of 6 determinations) 
1 se 
I 
Table 4.7 
Effects of different adsorbents on the determination of hydrophobicity 
of bacteria using Hydrophobic Interaction Chromatography 
Organism mean values of the percentage of bacteria adsorbed to 
Phenyl-sepharose Octyl-sepharose Sepharose 
CL-4B CL-4B CL-4B . 
Enterobacter 77.7 (+ 1.36) 86.3 (+ 4.12) 21.8 (+ 1.0) 
Acinetobacter 75.4 (+ 4.5) 68.8 (+ 3.3) 33.3 (+ 1.4) 
Pseudomonas 66.6 (+ 3.6) 84.6 (+ 3.65) 23.8 (+ 3.5) 
Moraxella 58.1 (+ 3.95) 76.7 (+ 3.5) 24.6 (+ 3.3) 
Staphylococcus 56.3 (+ 1.5) 54.4 (+ 3.9) 29.0 (+ 1.5) 
Note: Average value + standard deviation of 5 determinations 
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Table 4.8 
Effects of salt concentration on the elution of bacteria 
from octyl-sepharose CL-4B gels 
Organism mean values of the percentage of cells retained after elution 
Molarity of sodium chloride eluting solution 
4. OM 2. OM 1. OM 0.5M 0.15M 
Enterobacter 86.3(+0.0) 81.5(+1.2) 80.0(+0.4) 83.5(+1.91) 74.6(+1.0) 
Pseudomonas 84.6(+1.4) 80.4(+4.0) 81.4(+1.36) 67.7(+2.15) 65.9(+1.1) 
Moraxella 76.7(+3.1) 71.4(+3.9) 69.0(+1.9) 65.7(+2.3) 61.9(+1.5) 
Acinetobacter 68.8(+3.0) 64.4(+2.61) 66.7(+1.65) 61.7(+2.0) 54.8(+2.1) 
Staphylococcus 54.4(+2.65) 47.2(+3.3) 40.8(+1.35) 37.8(+1.26) 17.4(+3.2) 
Note: Average value + standard deviation of 5 determinations 
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Table 4.9 
Effects of meat-liquors on the hydrophobicity of bacteria 
using Octyl-Sepharose CL-4B columns 
Organism Mean values for the percentage of bacteria adsorbed 
Untreated Pork treated Beef treated Bacon treated 
Enterobacter 86.3 (+ 1.01) 90.9 (+ 2.35) 71.3 (+ 1.10) 71.2 (+ 1.35) 
Pseudomonas 84.6 (+ 3.3) 79.5 (+ 2.03) 60.5 (+ 1.31) 63.3 (+ 1.2) 
Moraxella 76.7 (+ 0.12) 53.1 (+ 3.16) 47.4 (+ 2.14) 64.5 (+ 3.0) 
Acinetobacter 68.8 (+ 1.18) 68.6 (+ 2.36) 70.9 (+ 1.5) 80.9 (+ 0.0) 
Staphylococcus 54.4 (+ 1.4) 80.2 (+ 1.2) 65.9 (+ 2.59) 78.0 (+ 1.0) 
Note: Average value + standard deviation of 5 determinations 
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Figure 4.1 Schematic representation of the structure of 
the electrical double layer according to 
Stern's theory. . 
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CHAPTER 5 
ENUMERATION OF ADHERED BACTERIA 
5.1 INTRODUCTION 
5.1.1 General 
Attachment of micro-organisms to surfaces occurs widely in nature, but 
detailed information about the mechanisms involved is limited. 
Approaches to control biofouling, and methods for increasing the 
efficiency of cleansing systems require an understanding of the 
processes which enable organisms to approach, adhere to, and develop on 
different substrata. 
As previously discussed, the physicochemical nature of both the 
bacterium and the potential substratum is likely to play a significant 
role in permitting their close approach and subsequent adhesion. The 
exact role of these and related parameters in the adhesion mechanism of 
bacteria needs to be determined, primarily by investigating model 
attachment systems under a range of controlled, laboratory conditions. 
However, before undertaking such experimentation it was essential to 
develop an efficient and effective system for detecting and evaluating 
the numbers of bacteria adhering. 
Numerous methods have been described in the scientific literature for 
quantitatively measuring bacterial adhesion to various types of 
immersed solid surfaces (Baier et al; 1968; Fletcher, 1977; Fowler and 
Mckay, 1980; Fletcher and Marshall, 1982). Based on the nature of the 
detachment force which is applied, these methods have been divided into 
three distinct categories by Fowler and Mckay (1980); the adhesion 
number assay, the 'critical force' tests and the 'dynamic adhesion' 
assays. In the 'adhesion number' assay an unspecified detachment 
force, for example during washing or rinsing procedures, possessing a 
single average fluid shear stress value, is applied to an adherent 
microbial population and the number of cells remaining attached to the 
substratum is subsequently determined. In 
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the 'critical force' test an attached microbial population is exposed 
to an increasing shear stress until a pre-determined fraction of the 
bacteria has been detached. The force required to achieve the 
specified amount of detachment is designated the 'critical force of 
detachment' for that particular system. In the 'dynamic adhesion' 
assay, bacteria are permitted to attach to a specified substratum under 
a range of hydrodynamic shear conditions. The shear stress which 
enables bacterial attachment to proceed is determined. In the present 
study both the 'adhesion number' assay (as discussed forthwith) and the 
'dynamic attachment' assay (as discussed in Chapter 7) were employed to 
quantify adhesion. 
The 'adhesion number' assay is the simplest and most widely performed 
method for quantifying bacterial adhesion to surfaces. The number of 
cells remaining attached to the substratum after appropriate washing 
and rinsing procedures have been determined using a range of 
techniques; including staining and light microscopy (Marshall et al., 
1971; Fletcher, 1977; Ridgway et al., 1984), epifluorescence microscopy 
(Fletcher and Loeb, 1979; Stanley, 1983), electron microscopy (Fletcher 
and Floodgate, 1973; Schwach and Zottola, 1982; Speers et al., 1984) 
and spectrophotometric measurement (Fletcher, 1976; Fletcher and 
Marshall, 1982; Pringle and Fletcher, 1983). In the present study, a 
relatively new method, in relation to conventional microscopical 
counts, for estimating the number of adhered bacteria was, considered. 
This method, referred to as the bioluminescence assay of adenosine 
triphosphate (ATP), is based on the fact that all living 
micro-organisms contain ATP, and that in the growing cells the levels 
remain fairly constant (Lowery et al., 1971; Swedes et al., 1975). The 
microbial ATP is extracted and quantitatively assayed using a 
luciferin-luciferase luminescence system (McElroy, 1947; Lyman and de 
Vincenzo, 1967). Although this technique has had limited application 
in bioadhesion (Harber et al., 1983; Vantiaecke and Pijck, 1988) it is 
a well established method for the estimation of micro-organisms in 
simple suspensions such as water or culture medium (Levin et al., 1967; 
Baumgart et al., 1980). With growing interest in rapid methods it has 
been used recently to estimate the microbial content of foods (Patel 
and Williams, 1985) such as meats (Baumgart et al., 1980; Stannard and 
Wood, 1983; Kennedy and Oblinger, 1985) and milk (Bossuyt, 1981), in 
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determining the viable cell mass in dental plaque (Distler et al., 
1980) and for the susceptibility of different organisms to antibiotics 
(McWalter, 1984). Since the bioluminescence assay has rarely been 
employed in bioadhesion studies it was necessary to assess the 
efficiency of its individual manipulative steps and to establish 
whether it had real potential as a simple, rapid alternative to 
tedious, time consuming microscopical counting. 
5.1.2 The Bioluminescence Assay 
5.1.2.1 Basic Principles 
The assay is based upon the quantitative measurement of a stable level 
of light produced as a result of an enzymic reaction catalyzed by 
fire-fly luciferase as shown below. 
Mg 2+ 
Luciferin + Luciferase - ATP---ý Luciferin - Luciferase - AMP + PPi 
02 
Luciferin - Luciferase - AMP ýj Oxiluciferin + Luciferase + AMP + 
CO2 + PHOTON 
This system is so efficient that one photon is produced for every ATP 
molecule taking part in the reaction (McElroy, 1947). The quantum of 
energy released is detected as light and transduced to an electrical 
signal by a photomultiplier. The amount of ATP in the sample is 
determined from ATP standards. Subsequently, the calculated amount of 
ATP in the sample can be converted into cell concentrations provided 
that the ATP content per cell is known. 
5.1.2.2 Practical Aspects 
Before employing the bioluminescence technique for the purposes of this 
study a number of parameters relating to the accuracy and efficiency of 
the procedure had to be established. Firstly , since the level of 
cellular ATP is dependent upon the size, viability and metabolic 
activity of the bacterium (Cole et al., 1967; Stouthamer and 
Bettenhaussen, 1973), it was essential to determine the ATP content per 
cell for each isolate under the specific experimental conditions 
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employed. Secondly, since the turnover of ATP in bacteria is very 
rapid (Slayman, 1973; Chapman and Atkinson, 1977), the extraction 
method employed has to stop the metabolic activity in the sample 
immediately or release the ATP very rapidly to avoid enzymic breakdown. 
Thus two different extraction reagents were compared in terms of their 
efficiency and applicability to the particular system under 
consideration. In addition, contact time between the cells and 
extracting reagents which enabled complete release of cellular ATP had 
to be determined in order to avoid error due to incomplete extraction. 
Finally, certain adhesion assays determining the influence of 
process-line constituents, required both the substrata and the bacteria 
to be pre-treated with meat liquors containing endogenous meat ATP. 
Since no distinction can be made between microbial ATP and endogenous 
ATP (Chappelle and Levin, 1968; Bossuyt, 1981), it was important to 
determine to what extent the meat-associated ATP interfered with the 
assay of bacterial ATP. 
5.2 MATERIALS AND METHODS 
5.2.1 Preparation of Samples 
a) Buffers 
Phosphate buffer (pH 6.4): O. O1M Phosphate buffer was prepared 
as detailed in Section 2.1.2(c). 
Tris-EDTA buffer (pH 7.75): 0.1M Trizma base (Sigma) 
containing 2.0 mM diaminoethane-tetra-acetic acid disodium 
salt (EDTA, Fison, AR grade) was adjusted to pH 7.75 with 
0.1M glacial acetic acid (BDH). 
b) Bacterial Suspensions 
Bacteria under test (as listed in Section 2.1.3) were grown 
in 200 ml of tryptone soya broth (TSB) at 30°C for 18 hours. 
100 ml aliquots of each were centifuged at 1200 xg for 10 
minutes, washed free of growth medium and finally resuspended 
in 80 ml of phosphate buffer to obtain a final cell 
concentration of 1.2 x 10y organisms ml -1. 
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5.2.2 Attachment Procedure 
The chemically clean, sterile substrata under test (Section 2.2.2) were 
exposed to bacterial suspensions (as prepared in Section 5.2.1(b)) held 
at 20°C for a 28 hour period. Samples were removed at 2 hour intervals 
and gently rinsed three times in sterile phosphate buffer to remove any 
loosely adherent or residual suspended organisms. The numbers of 
bacteria attached per unit area of substratum surface were counted 
using two different techniques; direct light microscopy and the 
bioluminescence assay of ATP. 
5.2.3 Direct Microscopical Counts 
The attached bacteria were stained with 0.01% acridine orange (Sigma) 
for 10 minutes, washed three times in phosphate buffer and air-dried. 
The numbers of bacteria attached per unit area were microscopically 
observed and counted using reflected light microscopy (x 1000 
magnification) in conjunction with the Quantimet 720 Image analyser. 
Twenty fields of view were counted on both sides of each sample. 
5.2.4 Bioluminescence Assay of Adenosine Triphosphate (ATP) 
Cellular ATP was extracted from the attached bacteria by immersing the 
substrata in 1.0 ml of either 2% W/V trichloroacetic acid (TCA) or 
'Extralight' solution, a commercially available extracting reagent 
(Analytical Luminescence Laboratory Inc, USA). Samples (0.1 ml) were 
mixed with 0.8 ml of 0.1M tris-EDTA buffer and 0.1 ml of fire-fly 
luciferin-luciferase mixture (Monitoring reagent, LKB) in a cuvette. 
The light output of this reaction was measured in a luminometer (LKB 
model 1250) and recorded as a milli-volt response on the chart recorder 
(LKB model 2210). The amount of ATP in the sample was calculated by 
interpolation from a standard curve of ATP verses milli-volt output. 
This standard curve, as represented by Figure 5.1, was constructed 
using concentrations of ATP (LKB) between 10-12 and 10 
8g 
ATP per 
0.1 ml sample and recalibrated for each experiment. A linear 
relationship was consistently obtained over this range of ATP 
concentrations. 
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The numbers of bacteria attached per unit area of substratum were 
calculated from: 
Number of bacteria per mm2 Xx 10 
Zx 800 
Where, 10 is the dilution factor, 800 is the surface area examined in 
mm2, Z is the number of ATP units per cell for the organism under test, 
and X is the ATP level per ml in the sample. 
In each case, the samples and standards were treated in exactly the 
same way; same volumes, dilutions, and contact times. 
5.2.4.1 Extraction Times 
1.0 ml duplicates from the same bacterial suspension in phosphate 
buffer (Section 5.2'. 1(b)) were prepared and added to 1.0 ml of 2% W/V 
TCA for ATP extraction. 0.1 ml samples were withdrawn after contact 
times of 30,60,90,120, and 180 seconds, and the voltage output in 
each case was assessed individually in accordance with the procedure 
detailed in Section 5.2.4. The release of ATP was considered complete 
only when no further increases in voltage output were obtained for 
increased contact times. The procedure was repeated for all the 
organisms under test (listed in Section 2.1.3) at cell concentrations 
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of 1.8-2.2 x 10 and 0.9-1.2 x 10 organism ml-1. 
5.2.4.2 Comparison of extracting reagents 
2 cm square coupons of chemically clean, sterile polyethylene 'II' and 
stainless steel substrata were immersed in a phosphate buffer 
suspension of Pseudomonas at a cell concentration of 1.0 - 1.2 x 109 
organisms ml-1 and held at 20°C. After an attachment period of 4 hours 
the substrata were removed and washed three times in phosphate buffer 
to remove any unattached cells. ATP from the attached cells was 
extracted using two different reagents; individual samples were 
immersed for 2 minutes in either 1.0 ml of 2% W/V TCA or 1.0 ml of 
'Extralight' reagent. The level of ATP released by each reagent was 
quantitatively analysed using the bioluminescence technique as detailed 
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above in Section 5.2.4. The extraction procedure was repeated for 
unattached Pseudomonas cells, in phosphate buffer, at a concentration 
of 1.8 x 105 organisms ml-1. 
5.2.4.3 Evaluation of ATP levels in different bacterial species 
50 ml aliquots of bacteria grown in TSB at 30°C for 18 hours, were 
centrifuged at 1200 xg for 10 minutes. With supernatants discarded, 
the cell pellets were washed twice in deionized water before 
resuspension to give an initial cell concentration of 3.9 x 105 
organisms ml-1 in either 50 ml of phosphate buffer or in 50 ml of 
sterile TSB and incubated at 20°C for a period of 26 hours. At 2 
hourly intervals duplicate 0.1 ml aliquots were withdrawn from each 
culture; one to assay for ATP content and other to determine the number 
of cells in suspension. The bacterial ATP was extracted by mixing 
1.0 ml of each sample with 1.0 ml of 2% W/V TCA for 2 minutes and 
quantitatively analysed using the luciferin- luciferase technique as 
detailed in Section 5.2.4. The number of cells ml-1 was determined by 
absorbance measurement at 560 nm using a SP6-450 UV/VIS 
spectrophotometer (Pye Unicam), which had previously been calibrated 
using total cell counts according to the method of Baker and Silverton 
(1980). 
The level of ATP in each bacterial cell was given by: - 
Number of ATP units - Number of ATP Units in the sample 
in each cell Number of cells in the sample. 
5.2.4.4 Evaluation of the bioluminescence assay for meat-liquor 
treated samples 
2 cm square coupons of polyethylene 'II' and stainless steel substrata 
were immersed in 50 ml of meat filtrates (as prepared in Section 2.2.3) 
for a period of 30 minutes. The resultant extract was assessed using 
the bioluminescence assay procedure detailed in Section 5.2.4. As a 
control the assay procedure was repeated for chemically clean, sterile 
substrata. 
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5.2.5 Comparison of Enumeration Techniques 
'I 
After appropriate attachment periods (as stated in Section 5.2.2) 
stainless steel, polypropylene 'B' and polyethylene 'II' substratum 
samples were washed twice in phosphate buffer to remove any residual, 
unattached cells. Microbial ATP was extracted by immersing the samples 
in 1.0 ml of 'Extralight' solution and quantitatively analysed using 
the fire-fly bioluminescence assay. The 'extralight' reagent used 
appeared not to destroy the bacterial cells as evident from 
microscopical observations before and after extraction. Thus on 
completion of ATP extraction the surfaces were washed twice in 
phosphate buffer and stained with 0.01% W/V acridine orange for 10 
minutes, before proceeding with microscopical observations and counting 
using the Quantimet 720 image analyser as in Section 5.2.3. 
All experimental procedures in this study were performed in triplicate. 
The buffers and reagents were made with freshly distilled water to 
reduce background ATP levels. 
5.3 RESULTS 
5.3.1 Evaluations for the Bioluminescence Assay 
2% TCA and 'Extralight' solution were compared in terms of their 
efficiency as ATP extracting reagents for bacterial cells. The results 
obtained are given in Table 5.1. In general, there appears to be good 
agreement between the two reagents, although close examination of the 
data shows some deviation; TCA appears to be a marginally better 
extractant for Pseudomonas cells freely suspended in phosphate buffer 
or adhering to stainless steel substrata from such suspensions. While, 
in contrast, for Pseudomonas cells adhering to polyethylene, the 
'Extralight' reagent is shown to be relatively more effective in 
releasing cellular ATP. 
The contact time with the extracting reagent required for quantitative 
release of ATP was tested by determining the milli-volt output 
corresponding to increasing contact times between the cells and 2% W/V 
TCA. The range of organisms examined produced similar results and a 
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representative set of data, for Pseudomonas at cell concentrations of 
105 and 109 organisms ml-1, is given (Figure 5.2(a) and (b)). At both 
concentrations, the initial milli-volt output appeared to increase 
steadily for increasing times of contact; due to the continuous release 
of ATP from the cells. However, at 120 seconds no further increase in 
milli-volt output was obtained and the curve reached a plateau, 
indicating the complete release of cellular ATP. 
To increase accuracy of the assay procedure, the ATP content per colony 
forming unit was determined for the range of organisms under 
investigation suspended in both TSB and in phosphate buffer 
(Table 5.2). These values, as represented by the data for Pseudomonas 
(Table 5.3) were shown to fluctuate somewhat about an average value of 
30.2 fg ATP/cfu. When plotted on a very fine scale (Figure 5.3) the 
values obtained for cells suspended in either TSB or phosphate buffer 
show very similar patterns suggesting a systematic variation within the 
" 10-14 decade although this is no greater error than produced by direct 
counting. All the organisms tested, with the exception of Moraxella, 
produced relatively greater levels of ATP when actively growing in TSB, 
than when suspended in phosphate buffer under identical conditions 
(Table 5.2). 
Samples of stainless steel and polyethylene substrata pretreated with 
beef, pork and bacon filtrates were analysed to determine the influence 
of endogenous meat ATP on the efficiency of the bioluminescence assay. 
The results given in Table 5.4, show the values for the meat-liquor 
treated samples to be identical to those obtained for the untreated 
control; indicating that, at least within the experimental conditions 
applied in this study, endogenous meat ATP has a negligible effect. 
5.3.2 ATP Assay versus Direct Counting 
Use of the bioluminescence assay as a rapid and efficient alternative 
to direct microscopical counting for enumerating adhered bacterial 
population was investigated. Both methods were simultaneously employed 
for a series of duplicate samples over a 28 hour period. From the 
results obtained (Figure 5.4) there appears to be good agreement 
between the number of attached Pseudomonas cells mm 
2 
of polypropylene 
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'B' determined using the bioluminescence technique (ranging between 
35.0 x 103 - 139.0 x 103 organisms mm 
2) 
and the values obtained by 
direct microscopical counting (ranging between 30.0 x 103 - 107.3 x 103 
organisms mm 
2). 
Similarly good correlations were obtained with 
polyethylene (Figure 5.5) and stainless steel (Figure 5.6) substrata. 
More detailed comparisons between the two methods showed that although 
pairs of results are generally in close agreement, duplicate pieces of 
the same substratum material behave differently during a given 
immersion time. Although there are some discrepancies, the sensitivity 
and reproducibility of both techniques appear to be fairly high. 
The bioluminescence technique can measure ATP levels only above 1000 x 
10-15g per 0.1 ml sample. This is approximately equal to 103 microbial 
cells (Sharpe et al., 1970). Allowing for the 1: 10 dilution of the 
sample when assaying for ATP, there was therefore a lower limit for 
detection of bacteria by this method of approximately 104 colony 
forming units ml-1, which corresponds to 102 organisms adhered mm 
2 
and within a reproducibility error of + 75 organisms mm 
2. The 
microscopical counting technique in contrast has a much higher 
sensitivity, although the errors of counting and reproducibility (+ 30 
organisms mm 
2 
and + 100 organisms mm 
2 
respectively) are much the j 
same. 
5.4 DISCUSSION AND CONCLUSIONS 
The main purpose of this particular investigation was to determine 
whether measurement of microbial ATP could provide a more rapid and 
accurate alternative to conventional microscopical counts for 
enumerating adherent bacterial populations. Since all initial analyses 
of adhesion were carried out using microscopical counting it was 
necessary to evaluate the degree of agreement between the two 
techniques before implementing the use of the bioluminescence assay. 
When both methods were simultaneously employed for a series of 
duplicate samples (Figures 5.4 and 5.6), ATP measurement produced 
essentially the same results as direct microscopical counts. Ridgway 
et al. (1984) similarly found good agreement between cell counts 
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determined using direct microscopy and those determined using the 
bioluminescence method; however, in their case the microscopical counts 
yielded approximately 2-fold lower values. This mismatch may be 
attributed to these workers using the standard value of 1 fg ATP/cfu, 
which appears not to be appropriate for such analyses since the level 
of ATP per cell was found (Table 5.2) to vary from one bacterial strain 
to the next; a variation of up to 100-fold was detected. Although in 
this study the values were in close agreement there was still some 
discrepancy, mainly attributable to the microscopical counts being 
subject to relatively greater inaccuracy under the specific conditions 
applied. Firstly, poor contrast was obtained between the stained 
bacterial populations and the plastic substrata which may have 
prevented microscopical detection of all cells adhered to such 
surfaces. Secondly, in contrast to microscopical counting the 
bioluminescence technique sampling the entire substratum surface 
provided a more accurate representation, since it is not affected by 
cell distribution. Finally, since the substrata were not-smooth at the 
microscopical level many organisms became lodged in the crevices, and 
were unlikely to have been detected by microscopical observations at a 
single plane. The extracting fluid, used in the luminescence 
technique, however, can readily penetrate the cracks and crevices and 
enable detection of the entire population. 
Bearing all these conditions in mind, the bioluminescence assay appears 
to be a better enumeration technique than direct counting. However, in 
terms of the lower limits of sensitivity, the latter technique is 
superior; ATP measurement gives a good estimate of the adhered 
population at a level above 102 organisms mm 
2, 
whereas the direct 
microscopical technique can detect bacterial numbers at much lower 
levels. Nevertheless, under the experimental conditions applied in 
this study, the relatively low sensitivity of the luminometer proved 
adequate, because even for the shortest adhesion periods quantitative 
levels of ATP were obtained. For this reason, and because of its 
apparent superiority over the microscopical counts (in terms of speed 
and accuracy) the luminescence assay appeared to be the most suitable 
enumeration technique for the purpose of this study. Its subsequent 
use in adhesion studies increased both the accuracy and efficiency of 
the system, since it enabled the handling of a greater number of 
samples in a relatively short period of time. 
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In order that ATP measurement be applied successfully for routine 
analysis of adhered bacterial populations it was necessary to minimize 
all possible sources of intrinsic error, such as incomplete extraction 
of ATP from the cells, stress on the cells during sample treatment and 
quenching effects of certain ions which may be present in the growth 
medium. To prevent error due to incomplete extraction the time of 
contact required between the cells and the extracting reagents which 
ensured complete release of ATP was determined (Figure 5.2(a) and, (b)). 
This was essential because once all the ATP has been extracted it is 
subject to enzymic breakdown if it is not immediately analysed 
(Slayman, 1973). It is also important to avoid exposing the bacteria 
under investigation to any kind of stress during sample processing, 
because the effect of stress on the ATP levels of cells is complex 
(Chapman and Atkinson, 1977). Bacteria are very resistant to chemical 
and physical changes in their environment. In order to adapt to their 
environment they can readily respond by, for example, changing the 
permeability of the cell wall. Any of these changes are likely to be 
reflected in the metabolism of the microbe and since ATP is always 
involved in the metabolic control of the cell, the concentration of ATP 
is likely to change. For this reason, it is essential that stress be 
avoided, but practically it is not always possible, for example, the 
cells are subject to stress during the routine processes of 
centrifugation and resuspension. Cole et al. (1967) showed that 
centrifugation caused a 50% decrease in ATP levels and washing the 
cells caused a 90% decrease. This has been confirmed by Lowery et al. 
(1971), and Lundin and Thore (1975). In this study, centrifugation was 
essential for concentrating the cells and for separating them from 
initial growth media. In addition, each culture had to be washed 
several times and resuspended in phosphate buffer to minimize the 
presence of ions which reduce the activity of the luciferase enzyme. 
Thus, to compensate for such unavoidable changes in ATP levels, the 
bacteria were left to recover. for five minutes after each V 
centrifugation and resuspension stage in order that their original ATP 
levels be re-established (Strange et al., 1963; Chapman et al., 1971; 
Chapman and Atkinson, 1977). 
The precision of ATP measurement for counting cell numbers not only 
depends on minimizing the experimental errors discussed above, but also 
on the accuracy of determining the level of ATP per cell. 
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Conventionally, a value of 1 fg ATP/cfu (Sharpe et al., 1970) is used 
in the calculation, but as mentioned the ATP levels in the cell vary 
according to its size and physiological state (Cole et al., 1967; 
Stouthamer and Bettenhaussen, 1973). To increase the accuracy of the 
bioluminescence assay, the ATP content of the cells for each bacterial 
species was investigated under the experimental conditions 'being 
applied in the study; i. e. suspension in phosphate buffer and in TSB. 
The TSB suspensions were used as controls to determine to what extent 
suspension in phosphate buffer adversely affected the cellular ATP 
levels of the test strains. Slightly greater levels of ATP (Table 5.2) 
were produced by all the organisms, except Moraxella, when they were 
actively growing in TSB, than when only viable in phosphate buffer. In 
all cases there was a ten-fold difference between these determined 
values and the value conventionally used in the calculations. This 
would suggest that in order to obtain valid and comparable results it 
is essential to derive individual values for each bacterial species of 
interest under the specific conditions of the experimentation and to 
avoid use of the conventional figure which does not discriminate 
between individual organisms and their metabolic state. Fortunately, 
the average values obtained over a 24 hours period could be used for 
calculation purposes for the entire duration of the adhesion studies, 
since the ATP level per cell was shown to remain relatively constant 
over this period of time. Similar finding have been reported by Strange 
(1961) and Strange et al., (1963) using phosphate - saline buffer at 
pH 6.5. 
In conjunction with the determination of the ATP content of cells, 
spectrophotometric measurements were used to evaluate increasing cell 
concentrations. For the purpose of enumeration, the spectrophotometer 
was calibrated using microscopical counts in contrast to colony counts. 
The former technique proved a more accurate technique for calibration 
purposes since if colony forming units had been used for calculating 
the ATP level per bacterium, the degree of clumping, that is, the 
number of cells per clump in the cell suspension, would have had to be 
estimated. Having established the ATP content of the individual cells 
accurately, it was necessary to select an extracting reagent which 
enabled complete and rapid extraction. Initially 2% TCA was employed, 
but when evaluating the relative efficiencies of the bioluminescence 
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technique and direct counting it was found that the TCA on contact 
distorted the plastic substratum surface making sequential "direct 
microscopic counting impossible. The commercially available 
'Extralight' reagent being free of TCA retained the shape of the 
plastic and enabled subsequent comparison of the two techniques. 
Although this commercially available reagent was necessary for 
comparative analysis, it proved too expensive when the system was 
scaled up, and 2% TCA had to be reconsidered. However, before 
initiating the exclusive use of TCA its extracting efficiency was 
compared with that of 'Extralight' since the initial basis for the use 
of the luminescence technique had been established using the latter. 
Subsequent analysis (Table 5.1) showed TCA to be a more effective ATP 
releasing reagent than the 'Extralight' solution, although for 
enumerating bacteria adhered to plastic substrata the results were 
prone to some inaccuracy; mainly due to the fact that TCA causes 
deformation of the plastic surface, entraping certain cells in the 
distorted structures and making them inaccessible to further 
extraction. These inaccuracies barely exceeded the experimental error 
of the luminescence technique adding further support to using TCA as an 
ATP extracting reagent for large scale experimentation, especially when 
the cost and availability of the 'Extralight' agent was taken into 
consideration. 
It was initially thought that the bioluminescence assay may not have 
been suitable for enumeration of bacteria adhering to substrata 
pre-treated with meat-liquors since these extracts contained meat ATP. 
No distinction can be made between cellular ATP and exogenous ATP 
(Chappelle and Levin, 1968; Sharpe et al., 1970; Baumgart et al., 1980; 
Bossuyt, 1981), thus for enumeration of surfaces treated with 
meat-extracts the results could be grossly inaccurate. To avoid this 
inaccuracy, the non-microbial ATP was measured in order to subtract it 
from the total ATP value obtained. However, when the meat liquors were 
allowed to adsorb onto the substrata, and the surfaces were analysed, 
using the standard fire-fly luminescence technique (Table 5.4) no meat 
ATP was detected. This indicated that the meat ATP either did not 
adsorb onto the substrata during pre-treatment, or was adsorbed but 
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removed during the washing procedure and subsequently had a negligible 
effect on the determination of microbial ATP. -Consequently,, ATP 
measurement was successfully employed for enumerating bacteria adhering 
to meat-liquor treated substrata. 
For both meat liquor treated and untreated surfaces, it is inevitable 
that at short immersion periods low numbers (< 10,000 cells mm 
2) 
of 
bacteria would adhere. Thus, it was important that any ATP and/or 
bacterial contamination be avoided during sample preparation. Equally 
important is that the reagents were free of exogenous ATP and microbial 
contamination. This was achieved using freshly distilled water for 
making up reagents and washing all glass-ware with freshly distilled 
water prior to use. 
In summary it appears that: - 
(i) The bioluminescence technique is superior to direct 
microscopical counting in evaluating adhered bacterial 
numbers under the specific conditions applied in this study, 
and was subsequently employed for all adhesion experiments to 
increase the accuracy and efficiency of the system. 
(ii) TCA proved to be a more effective ATP releasing agent then 
the 'Extralight' and was used extensively in this study. For 
plastics, the advantages of using the 'Extralight' reagent 
over TCA was out weighed by its excessive cost and poor 
availability. There was little quenching of luciferin- 
luciferase by either TCA or 'Extralight'. 
(iii) A minimum contact period of 120 seconds was required between 
the cells and the extraction reagent for complete release of 
ATP. This extraction period was used subsequently throughout 
the study. 
(iv) The ATP content per cell for the range of test bacteria was 
determined, and the specific value of each species when 
suspended in phosphate buffer was used in appropriate 
calculations. 
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(v) Meat ATP 
substrata 
bacterial 
the attar 
technique 
organisms 
did not appear to adsorb onto the attachment 
and consequently did not interfere with the 
counts determined by quantifying cellular ATP from 
: hed population. Thus the bioluminescence assay 
could be employed successfully for enumerating 
adhered to meat-liquor treated substrata. 
215 
Table 5.1 ' 
Comparison of two ATP extraction reagents, TCA and 'Extralight' solution, 
in assessing the numbers of (a) attached and (b) unattached Pseudomonas sp 
from phosphate buffer suspensions at respective cell concentrations of 109 
and 105 organisms ml -1 
All values given are means of triplicates. 
(a) 
Number of bacteria determined 
2 
of substratum 
Sample Treatment 
'Extralight' reagent 2% TCA 
Stainless 4h immersion in 1.0 x 
steel 109 organisms ml-1 9.25 (+ 0.35) 10.5 (+ 0.71) 
phosphate buffer x 103 x 103 
culture 
Polyethylene 4h immersion in 1.2 x 
109 organisms ml -l 44.7 (+ 6.43) 38.0 (+ 6.08) 
phosphate buffer culture x 103 x 103 
(b) 
Number of bacteria determined 
ml-1 of suspension 
Sample Treatment 
'Extralight' reagent 2% TCA 
Pure bacterial Unattached cells in 
culture phosphate buffer at 134.0 (+ 2.83) 146.0 (+ 5.66) 
a concentration of x 103 x 103 
1.8 x 105 cells ml-1 
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Table 5.2 
The level of ATP per cell for different bacteria suspended in 
Tryptone soya broth and phosphate buffer at initial cell concentrations 
of 2.9 x 105 organisms per ml 
Average level of ATP in each cell 
Bacterium under 
test Tryptone soya broth Phosphate buffer 
suspension suspension 
Pseudomonas 3.02 (+ 0.13) 2.94 (+ 0.11) 
x 10-14 x10-14 
Acinetobacter 4.28 (+ 0.61) 3.83 (+ 1.0) 
x 10-14 x10-14 
Moraxella 4.36 (+ 0.06) 16.6 (+ 0.96) 
x 10-14 x10-14 
Enterobacter 5.86 (+ 0.83) 3.49 (+ 0.18) 
x 10-14 x 10-14 
Staphylococcus 6.30 (+ 0.41) 3.57 (+ 0.30) 
x 10-14 x 10-14 
Note: The values given are the averages over 24h + the standard 
deviation for 8 determinations 
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Table 5.3 
The change in ATP concentration of Pseudomonas cells with time 
Time after ATP units in each cell 
suspension (h) 
Tryptone soya broth Phosphate buffer 
suspension suspension 
0 
(+ 
3.10 
0.07) x 10-14 (+ 
1.60 
0.13) x 10 
14 
2 5.60 
(+ 1.4) x 10 
14 (+ 
9.60 
0.89) x 10 
14 
4 
(± 
4.20 
0.21) x 10 
14 (+ 
1.50 
0.2) x 10 
14 
6 
(+ 
0.45 
0.17) x 10 
14 (+ 
0.85 
0.1) x 10 
14 
16 
(+ 
3.20 
0.34) x 10 
14 (+ 
5.40 
0.14) x 10 
14 
18 
(+ 
1.80 
0.7) x 10 
14 (+ 
0.89 - 
0.03) x 10-14 
20 
(+ 
2.60 
0.14) x 10-14 (+ 
1.30 
0.15)"x 10 14 
22 
(+ 
1.40 
0.22) x 10-14 (+ 
0.66 
0.12) x 10-14 
24 
(+ 
0.24 
0.36) x 10 
14 (+ 
4.50 
0.17) x 10 
14 
26 
(+ 
7.60 
1.2) x 10 -14 (+ 
3.10 
0.06) x 10 
14 
Note: + standard deviation for a minimum of 4 determinations 
(average value over 24 h-2.019 (TSB) or 2.94 (phosphate buffer) 
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Table 5.4 
The effects of endogenous meat ATP on the enumeration of bacteria 
using the bioluminescence assay of ATP technique 
Substratum under test 
Treatment 
of 
substrata 
Stainless steel 
(Mean voltage output 
in mV) 
Polyethylene 
(Mean voltage output 
in mV) 
Blank Sample Corrected value Blank Sample Corrected value 
for sample for sample 
Untreated 0.78 0.82 0.04 (+ 0.01) 0.98 1.05 0.07 (+ 0.02) 
(control) 
Beef liquor 1.00 1.04 0.04 (+ 0.00) 
treated 
Pork liquor 0.99 1.03 0.04 (+ 0.02) 
treated 
Bacon liquor 1.05 ' 1.08 0.03 (+ 0.01) 
treated 
1.12 1.20 0.08 (+ 0.02) 
0.92 1.09 0.17 (+ 0.08) 
1.05 1.12 0.07 (+ 0.00) 
Note: + standard deviation for a minimum 4 determinations 
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FIGURE 5.2 Determination of the minimum extraction 
period for 2% trichloroacetic acid to 
ensure complete release of cellular 
ATP from Pseudomonas sp at: 
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(a) a. cell concentration of 105 
organisms ml-1. 
221 
-30 60 90 120 150 180 
Contact. time between cells and ATP 
extraction reagent (s) 
70 
60 
50 
0 
x 40 
X30 
a 
0 
20 
10 
v0 
I 
(b) a cell contration of 109 
organisms mI'1. 
222 
30 60 90 120 150 180 
Contact tirpe 
-between cells and ATP extraction reagent (s) 
10 
9 
8 
7 
6 
r- 
O 
x5 
a 
"4 ä 
a 
3 
2 
1 
-0 
FIGURE 5.3 The change in ATP levels per cell for 
Pseudomonas sp., "grown" in tryptone 
soya broth (-*-) and phosphate buffer 
(--f--), with time. 
223 
48 12 16 20 24 28 
Time (h) 
105 
104 CV 
E 
E 
'0 
CL) 
u 
4- d 
E 103 
d 
Ol 
L- 
0 
0 
L 
Q1 
E 
102 
101 L 0 
XYX 
FIGURE 5.4 An assessment of two enumeration 
techniques. Attachment of Pseudomonas sp 
to clean polypropylene "B" from 109 
organisms ml-1 phosphate buffer 
suspension at 20°C ± 1°C. 
224 
48 12 16 20 24 28 
Immersion time (h) 
106 
,ý; 
0 " 
°""° 
°°°" 
ö" "S 0 
105 8 
° ° 
" p 
" ° 
" " 
a a ° ° 
0 " 
0 
0 
N 
E=- 
i104 
Li 
p 
N 
'c 
a EI' 
0 
L 103 
E 
102 
o ATP determination 
" Direct counting 
FIGURE 5.5 An assessment of two enumeration 
tech niques. Attachment of Pseudomonas sp 
to clean polyethylene "II" from 109 
organisms ml-1 phosphate buffer 
suspension at 20°C ± 1°C. 
101 
1. 
-. 
111191 
048 12 16 20 24 28 
Immersion time (h) 
225 
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CHAPTER 6 
ATTACHMENT ASSAYS 
6.1 INTRODUCTION 
The widespread occurrence and economic impact of microbial biofouling 
problems have stimulated research into the biological and 
physiochemical mechanisms which regulate bacterial adhesion at solid 
surfaces. ' Reliable conclusions for the field situation however cannot 
be made without first investigating the fundamental mechanisms using 
simple and clearly defined laboratory controlled systems. 
Having established the physicochemical nature of both the attachment 
substrata and the organisms (Section 4.3), model systems were employed 
to examine the corresponding attachment profiles and to determine the 
effects of various environmental factors on subsequent adhesion 
preferences. In addition, experiments were undertaken to determine 
whether the presence of the meat-extracts or that of the cleansing 
detergent modified the level of contamination obtained. The effects of 
these components on substratum properties were monitored earlier 
(Section 4.2) by measuring changes in surface contact angles and 
electrophoretic mobility, and attempts were made to correlate such 
changes with variations in attachment capacities of the test organisms. 
Different surface sampling procedures exert different forces upon the 
test surface and thus most likely remove micro-organisms at different 
rates. In addition, removal and subsequent recovery by the test 
procedures will depend upon the forces with which the micro-organisms 
are held at the surface. An understanding of this variable requires 
information on the detachment mechanism of each bacterial species. 
Consequently, for the purpose of this study it was necessary to 
determine to what extent the bacteria adhering under controlled 
laboratory conditions could be removed and recovered by use of the 
swab-rinse method; a technique employed in the initial isolation of 
bacteria from the meat processing plant (Section 3.2.2). Such analysis 
may not only enable assessment of the swab-rinse method as a routine 
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microbiological-technique, but may also enable correlations between the 
initial isolation data obtained in Section 3.3.1. and the adhesion 
capacties of those bacteria isolated. 
6.2 MATERIALS AND METHODS 
6.2.1 Attachment Procedure 
The bacteria under test, as listed in Section 2.1.3, were allowed to 
adhere at 20°C (+ 1°C) under the different conditions specified in 
Section 6.2.2. according to the basic attachment-procedure described 
below. 
Cut samples of each test substratum, as described in Section 2.2.2, 
were placed vertically 'upright' in 300 ml of phosphate buffer 
suspension of the bacteria, as prepared in Section 2.2.1, for 30 hours 
without stirring to allow attachment to proceed under static 
conditions. Three replicate samples were removed initially at time 
intervals of 10,30,60,80,100 and 120 minutes, and thereafter at, 2 
hours intervals. The substrata, once removed, were thoroughly rinsed 
three times in 100 ml of phosphate buffer and then in a stream of 
phosphate buffer from a washer-bottle to remove any residual unattached 
cells. The number of bacteria firmly attached mm -2 of substratum 
surface was assessed using the ATP bioluminescence-assay, as described 
in Section 5.2.4.1 
6.2.2 Conditions of Attachment 
The bacteria were compared in terms of their adhesion behaviour under 
the following conditions: - 
(a) Attachment patterns of untreated bacteria (Section 2.2.1) to 
a range of clean substrata (Section 2.2.2) were observed to 
determine the effects of organism characteristics and 
substratum properties on the processes of adhesion. 
(b) Attachment patterns of untreated (Section 2.2.1. ) and 
meat-liquor treated (Section 2.2.4) bacteria to clean 
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(Section 2.2.2) and meat-liquor, treated (Section 2.2.5) 
substrata were determined to investigate the influence of 
process-line constituents on the individual characteristics 
of both contacting surfaces, and on the overall mechanism of 
adhesion. 
(c) Attachment of untreated (Section 2.2.1) and meat-liquor 
treated (Section 2.2.4) bacteria to surfaces pre-treated with 
0.5% (v/v) 'Titan Quatdet SU 321' and its -individual 
components, as described in Section 2.2.5, was observed - to 
determine the effects of the quaternary ammonium detergent on 
the processes of adhesion. 
(d) The attachment capacities of - Pseudomonas in both non-motile 
(sonicated to remove flagella as described in Section 
4.2.1.1. (a)) and motile phase, to clean (Section 2.2.2) and 
meat-liquor treated (Section 2.2.5) polypropylene 'B' and 
stainless steel substrata, were observed to assess the 
effects of motility on adhesion. Motility and viability of 
the cells were checked- before and after sonication, and 
periodically over the 30 hour attachment period, as described 
in Section 4.2.1.1 (a). 
(e) Cell replication of. Pseudomonas while adhered to 
polypropylene 'B' and stainless steel substrata was monitored 
to determine the contribution of surface growth to the 
overall rate and numbers of bacteria adhering. . Untreated 
(Section 2.2.2) and meat-liquor treated (Section 2.2.5) 
samples of polyproplene 'B' and stainless steel surfaces were 
exposed to 400 ml of phosphate buffer suspensions of 
untreated (Section 2.2.1) and meat-liquor treated (Section 
2.2.4) Pseudomonas at 20°C for a period of 4 hours. 
Duplicate samples were removed after 2 and 4 hour immersion 
periods, washed three times in 100 ml of phosphate buffer and 
finally in a steam of phosphate buffer from a washer-bottle. 
The number of cells attached per mm2 in each case was 
assessed using the ATP bioluminometer as described in Section 
5.2.4. After the 4 hour samples had been removed the 
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remaining samples were divided into three groups. One group 
was removed, washed three times in 100 ml of phosphate buffer 
and transferred to 400 ml of sterile phosphate buffer held at 
20°C. A second group was removed, washed three times in 
100 ml of phosphate buffer and transferred to 100 ml of a 
fresh Pseudomonas culture held at 20°C. The remaining group 
was left undisturbed and acted as the control. Following an 
incubation period of 12 hours at 20°C, duplicate samples were 
removed from each of the 3 respective test suspensions, at 2 
hour intervals over a further 12 hour period. Each test 
surface was removed washed three times in phosphate buffer 
and examined as described in Section 5.2.4. 
6.2.3 Percentage Recovery of Adhered Bacteria using the Swab-rinse 
technique 
Samples of clean substrata were immersed vertically in phosphate buffer 
suspensions of untreated bacteria as detailed in Section 6.2.1. After 
an attachment period of 18 hours, the samples were removed and washed 
three times in a 100 ml of phosphate buffer and finally in a stream of 
phosphate buffer from a dispensing bottle, before being examined in one 
of two ways: - either (a) the washed samples were placed in 1.0 ml of 
2% (w/v) trichloroacetic acid (TCA) for ATP extraction and the level of 
adhesion assessed using the bioluminescence technique as described in 
Section 5.2.4, or (b) the entire surface area of the washed samples 
were swabbed in triplicate using phosphate buffer -soaked alginate 
swabs. The swab was carefully rolled around the periphery of the cut 
samples and then rotated across the surface back and forth 20 times, 
repeating this action at right-angles to the first series of strokes. 
The number of bacteria still remaining attached on the substratum 
after swabbing was assessed using the bioluminescence technique as 
described in Section 5.2.4. Each procedure outlined was repeated in 
triplicate. 
ýý, E, 
!{ 
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The percentage of bacteria recovered by the swab-rinse technique was 
given by: - 
Percentage = 100 x Total No. of - No. of bacteria 
Recovery bacteria attached remaining after 
swabbing 
Total No. of bacteria attached 
6.3 RESULTS 
6.3.1 General 
The meat-associated bacteria Acinetobacter, Enterobacter, Moraxella, 
Pseudomonas and Staphylococcus were compared in terms of their adhesion 
behaviour at polyethylene 'II', polypropylene 'B' and stainless steel 
substrata. The rate and final number of bacteria attaching from 
phosphate buffer suspensions at 20°C (+ 1°C) were determined by the ATP 
bioluminescence method. The attachment experiments, carried out over a 
period of months, introduced unavoidable and inexplicable variations 
between successive, batch cultures. To enable comparison of results 
Pseudomonas adhering to untreated polypropylene 'B' was included in 
each experiment as a control. 
The rates and numbers of bacteria adhering were determined by 
regression of the logarithmic transformation of bacterial numbers for 
each set of data as shown in Figure 6.1. In general, a non-linear 
regression was observed and the rate of attachment from these curves 
was calculated as follows. Assume that a given curve on the 
logarithmic-linear plot may be represented by a series of straight-line 
segments. Each segment may be described by an equation (1) of the form 
log10 y- Bx + C, where y is the number of attached bacteria per unit 
area, x is the elapsed immersion time, B is the slope and C is the 
intercept of the y-axis when x=0. The instantaneous rate of attachment 
at a given time, say x, (expressed as the number of bacteria attached 
mm -2 hour-1) is then the time derivative, dy 
dx 
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of equation (1) evaluated at x, with the appropriate constants B and C. 
The time derivative, L determined by. partial differentiation 
is dx 
given by : - 
dyBxUx 10U-1 
dx 
where U- Bx + C. 
The rates of attachment were determined by using this equation and 
representing the curves by two linear-segments (from 0-2 hours and 2-28 
hours and where appropriate by three linear-segments (from 0-2,2-10 
and 10-28 hours). The number of cells adhered per mm 
2 
and the 
corresponding rates were compared for different conditions of 
attachment. 
ý. 
6.3.2 Effects of Immersion Time on Bacterial Adhesion 
From the results shown in Figure 6.1, for Pseudomonas adhering to 
stainless steel, it appears that the number of cells adhering increases 
with increased immersion time; the corresponding correlation 
coefficient of 0.654 illustrates a good correlation between attachment 
and time of contact. The initial attachment rate is very rapid and 
continues to increase for the first 4 hours after the initiation of the 
assay, as shown for different organisms adhering to stainless steel 
substrata in Figure 6.2. After this 4 hour period the rate appears to 
either remain constant or falls dramatically to zero, when a steady 
state level is reached. In all cases no lag phase was evident. 
Similar trends to this were exhibited by all the test organisms at the 
different substrata. The steady state levels reached in each case being 
lower than the theoretical saturation level of 2x 106 adhered cells 
mm 
2; 
calculated with the assumption that a single cell is 1.0 x 0.1 m 
in size. For Acinetobacter at the plastic substrata (Figure 6.3a, b), 
the attachment rate again increased after a steady state level had been 
maintained for a period of 14 hours. No such secondary increase was 
evident for this organism at the stainless steel substrata 
(Figure 6.3c). 
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6.3.3 Effects of the Substrata on Bacterial Attachment 
When the attachment of different bacteria to a single substrata 
polypropylene 'B' was considered the data, as presented in Figures 
6.4 --6.7, shows attachment proceeding in an exponential fashion, with 
the majority of the cellular adhesion occurring within a2 hour period 
from the initiation of the assay. After this initial rapid phase of 
adhesion there was a more gradual linear increase in the numbers of 
cells attaching which continued until the experiment was terminated 
after 28 hours. The low correlation coefficient (0.338) obtained for 
Pseudomonas and Moraxella (Figure 6.4) after 2 hours immersion suggests 
that subsequent increases in numbers attaching were insignificant and 
that attachment was nearing 'saturation' of possible binding sites at 
8.0 x 104 attached cells mm 
2 
for Pseudomonas and 3.0 x 104 attached 
cells mm 
2 
for Moraxella. Both organisms exhibited parallel rates of 
attachment (Figure 6.5) with the actual number of Pseudomonas cells 
attached at any particular time being twice the corresponding value for 
Moraxella (Figure 6.4). The results in Figure 6.6 show Enterobacter 
and Staphylococcus exhibiting similar trends. For these bacteria, 
adhesion initially proceeded at an exponential rate for 2' hours and 
then continued at a reduced linear rate of 790 cells attaching mm 
2 
hour-l. In both cases no steady state levels were obtained, although 
the numbers adhering after 26 hours were comparable with those obtained 
for Pseudomonas at the steady state level. It is unlikely that a 
linear increase would be sustained indefinitely and the adhering 
population must plateau at some stage corresponding to surface 
saturation unless of course multi-layers develop. For Acinetobacter 
adhering to polypropylene 'B' (Figure 6.7), the initial rates of 
attachment were similar to those of Moraxella and Pseudomonas. After 2 
hours immersion a steady state level was reached which continued until 
16 hours immersion, at which stage increased attachment rates, 
comparable to those of Staphylococcus, were obtained. 
Similar attachment profiles were observed for all the bacteria tested 
when adhering to polyethylene 'II' (Figure 6.8 a-e) and stainless steel 
(Figure 6.9) surfaces. Initially attachment proceeds at an exponential 
rate, with the majority of the cellular adhesion occurring within 2-4 
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hours from the initiation of the assay . After this initial rapid 
phase of adhesion, steady state values were obtained in all cases. The 
final numbers attaching were similar for all the test organisms at the 
stainless steel surfaces (1.3 x 104 attached cells mm 
2) but differed 
at the polyethylene 'II' surface: ranaine between 3.0 x 104 for 
Moraxella and 15.0 x 104. attached cells mm 
2 for Pseudomonas. 
6.3.4 Attachment of a Single Bacterial Species to Different 
Substrata 
When the attachment of Pseudomonas to polypropylene 'B', polyethylene 
'II' and stainless steel surfaces (Figure 6.10) were compared, the 
attachment profiles in all cases appeared similar. Rapid initial rates 
were obtained with steady state levels being reached within a 
contacting period of 2 hours. The actual number of cells attached mm 
2 
at the 'saturation' level, however, were distinct for each surface 
type, and rank in the order: 
Polyethylene 'II' > polypropylene 'B' > stainless steel. 
Similar trends to these were exhibited by Moraxella (Figure 6.11). 
From the results shown in Figure 6.12 Staphylococcus appears to exhibit 
similar attachment profiles at stainless steel and polyethylene 'II' 
surfaces, reaching respective steady state values of 3x 104 and 8x 
104 attached cells mm 
2 
after a2 hour contact period. In contrast, 
for polypropylene 'B' no such steady states were obtained. Instead the 
attachment, initially proceeding at an exponential rate, then continued 
at a linear rate of 750 cells mm 
2 for the duration of the experiment. 
Similar trends to these were observed for Acinetobacter (Figure 6.13) 
and Enterobacter (Figure 6.14). However, at the polypropylene 'B' 
surface the attachment pattern for Acinetobacter differs from that for 
Staphylococcus in that it exhibits a steady state valve of 5.0 x 104 
adhered cells mm -2 between a4- 16 hour period of contact, when the 
rate of attachment appears to be zero. 
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6.3.5 Effects of Different Heat-liquors on Bacterial Attachment 
The differences in the results obtained for pork and bacon 
pre-treatments appeared to be statistically insignificant 'and for this 
reason the results pertaining to the pork treatment only- are given, 
when appropriate, to represent both sets of data. 
Beef, pork, and bacon-liquor all affected bacterial' attachment, but the 
nature and extent of the effect is dependent upon the meat-liquor, the 
bacterial species and the substratum. For Acinetobacter there was a 
decrease in the number of cells attached to polypropylene 'B' following 
beef (Figure 6.15) or pork-liquor (Figure 6.16) treatment. In 
contrast, for Pseudomonas there was an apparent, small increase in 
attachment when the bacteria (Figure 6.17) or, more obviously, when 
both contacting surfaces were pre-treated (Figure 6.18). -Treatment of 
the substratum alone (Figure 6.19), however, appeared to have very 
little effect and results similar to the untreated control were 
obtained. For Staphylococcus both the beef-liquor and the pork-liquor 
had a similar effect; simultaneous -pre-treatment of both contacting 
surfaces results in a relative increase in final numbers attaching 
(Figure 6.20), while pre-treatment of the substratum alone caused a 
decrease and resulted in steady 'state levels at 1.3 x 104 attached 
cells mm 
2. 
For Enterobacter, the beef and pork-liquors (Figure 6.21) 
appear to have a favourable effect on attachment showing increases in 
both rate and final numbers attaching, especially when the substratum 
or bacterium alone were pre-treated. For Moraxella (Figure 6.22) only 
the pork-liquor treatment of the substratum alone appears to increase 
the attachment, all other pre-treatments show no distinct difference 
from the results obtained for the untreated control. Generally for the 
meat-liquor treated polyethylene 'II' all"the organisms tested produced 
very similar attachment profiles; as represented by the data for 
Moraxella (Figure 6.23), no change in the numbers of bacteria 
attaching, as compared with the untreated control, were obtained. 
However, when both contacting surfaces were pre-treated with the same 
meat-extract the organisms Acinetobacter, Pseudomofias, Moraxell'a' and 
Staphylococcus all showed an increase in adhesion; as represented by 
the data for beef-liquor, treated Moraxella at the beef-liquor, treated 
polyethylene 'II' surface (Figure 6.24). 
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6.3.6 Effects of Detergent Treated Substrata, on Bacterial 
-Attachment 
In all cases the detergent 'Titan Quatdet SU"321' produced a 1000-fold 
decrease in. the numbers of bacteria attaching and eliminated the 
initial exponential rate of attachment between 0-4 hours of immersion 
which had been exhibited by all the bacterial strains tested. ' However, 
in each case the relationship between-the numbers of attached bacteria 
at detergent-treated surfaces and time after this 4 hour value 
parallels that obtained for the untreated "substrata; as shown: for 
Enterobacter (Figure 6.25) and Pseudomonas (Figure 6.26) attaching to 
polypropylene W. 
The individual components (cationic detergent, non-ionic detergent, and 
organic sequestrant) of the 'Titan Quatdet SU 321' detergent all 
produced similar trends; -any differences between the individual data 
proved to be statistically insignificant. Again the initial attachment 
rate was dramatically lowered, with a 100-fold reduction in the number 
of cells attaching mm 
2 
as represented by the results in Figure 6.27 
for Pseudomonas adhering to polypropylene W. 
6.3.7 Effects of Hotility on Bacterial Attachment 
Comparison of attachment capacities of Pseudomonas with and without 
flagella (sonicated) showed that the flagellated forms attached more 
readily than the non-flagellated. The adhesion of both motile and 
non-motile cells to a stainless steel surface began in less than 10 
minutes and increased with time until a saturation state was reached 
(Figure 6.28), with the non-motile cells attaching more slowly (Figure 
6.29). This lower attachment rate for non-motile cells was also 
observed at polypropylene 'B' surfaces before (Figure' 6.30) and after 
(Figure 6.31) meat-liquor treatment. 
Motility of the cells monitored periodically over the 28 hour 
attachment period showed flagella to be regenerated in less than 10% of 
the population. However, this is insufficient to account for the 
identical attachment patterns observed for both the motile and 
non-motile forms after 14 hours immersion. Since sonication was used 
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to remove the flagella, cell viability was checked before and after 
such treatment to test for any effects. The colony forming units ml-1 
obtained for the sonicated sample were higher than the values obtained 
for the control, probably due to small aggregates being broken-up by 
the sonication treatment. 
6.3.8 Contribution of Bacterial Replication at the Substratum 
Surface to the Monitored Levels of Attachment 
The attached bacterial populations examined are likely to comprise 
those adhering from the suspension and those resulting' from cell 
replication at the substratum. The data (Figures 6.32 - 6.35) obtained 
suggest that surface growth has very little effect on the rate or final 
numbers of bacteria attaching. When samples of polypropylene 'B' were 
exposed to a phosphate buffer suspension of Pseudomonas at 20°C, 
removed after 4 hours immersion, and immediately placed in sterile 
phosphate buffer for a further 12 hours (Figure 6.32), the adhered 
bacterial population appeared to decrease from 4.0 x 104 to 2.5 x 103 
cells mm 
2 during the first 12 hours after transfer. However, no 
further decrease in numbers was observed during the remaining period 
until the experiment was terminated after a total immersion period of 
26 hours. This decrease suggested that the phosphate buffer alone was 
unable to support the growth of the adhered Pseudomonas cells, probably 
due to the presence of low levels of nutrients. However, when the 
nutrient levels, at the attachment substratum, were increased by 
pre-treatment with meat-filtrate (Figure 6.33) there was again an 
initial decrease in the adhered population from approximately'8 x 104 
to 8x 103 cells mm2), but no further decreases were evident. 
However, when samples of polypropylene 'B'` were transferred, under 
identical conditions, from the same batch culture to a fresh culture of 
Pseudomonas in phosphate buffer at 20°C, similar results to those for 
the control were also observed. Identical trends to these were also 
observed at the'stainless steel substrata (Figures 6.34 and 6.35), and 
suggested that the increase in the rate and numbers obtained with 
respect to time were solely due to bacterial recruitment from the 
suspensions and that, under the experimental conditions applied, the 
contribution from cell replication was insignificant. 
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6.3.9 Percentage Recovery of Adhered Cells 
From the results given in Table 6.1 it appears that the percentage of 
adhered cells recovered by the swab-rinse technique was dependent upon 
the species of bacteria and the nature of the attachment surface. 
Pseudomonas was more readily recovered when attached to the plastic 
substrata than when present on stainless steel, while Moraxella showed 
the exact reverse. Acinetobacter and Enterobacter showed similarly 
high percentage recovery from polyethylene 'II' surfaces although their 
removal from stainless steel and polypropylene 'B' differed distinctly; 
for Enterobacter the percentage of organisms recovered from 
polypropylene 'B" was double that from stainless steel, while for 
Acinetobacter the level of recovery was much the same from both surface 
types, although lower than from polyethylene 'II'. In contrast for 
Staphylococcus high percentage recoveries were obtained for all three 
substrata tested. 
In addition it appears that the rougher the plastic surface the greater 
the percentage recovery. This was true for all the organisms except 
Moraxella where higher numbers of bacteria were removed from the 
smoother polypropylene 'B' than from the rougher polyethylene 'II' 
substrata. 
6.4 DISCUSSION AND CONCLUSIONS 
In this attachment study a closed system was employed and thus as long 
as there was no cell replication the total number of particles 
available in the system remained constant. Throughout the 
investigation the fluid phase was kept stationary to enable attachment 
to proceed under static conditions. Both the rate of deposition of 
bacteria per unit area of the substratum, and the final steady state 
number of cells were determined for Acinetobacter, Enterobacter, 
Moraxella, Pseudomonas and Staphylococcus species under a range of 
experimental conditions. 
Bacteria undergo a number of characteristics changes during their 
growth cycle, for example, changes in cell surface polymers (Fletcher, 
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1977; Jarman et al., 1978), metabolic activity and production of 
polymeric exudates (Harris and Mitchell, 1973; Fletcher, 1977) and cell 
motility (Fletcher, 1977), which are likely to influence, their. adhesion 
potential. To enable comparative analysis of different bacterial 
stains it was important to minimize such effects. For this reason the 
bacteria were suspended in 0.01M phosphate buffer which retained the 
viability of the cell but greatly reduced cell growth and division. 
Previous workers (Marshall et al., 1971; Fletcher, 1977; Harber et al., 
1983, Stanley, 1983) have reported that cells in the exponential phase 
attach better than those at other stages of the growth cycle. For this 
reason exponential phase cells were harvested and used for attachment 
studies. In addition, pH (Butler et al., 1979; Abbott et al., 1983; 
Stanley, 1983) and temperature (Stanley and Rose, 1967; Fletcher, 1977; 
Orstavik, 1977; Butler et al., 1979; Stone and Zottola, 1985) are known 
to affect attachment. For the results to be meaningful both these 
parameters were limited to those commonly associated with the 
meat-production line. 
Under the conditions specified above, it was found that the number of 
cells attaching to polypropylene 'B', polyethylene 'II' and stainless 
steel surfaces were highly dependent upon the time allowed for 
attachment. This dependence is not surprising since an increase in 
immersion time should lead to an increase in the number of bacterial 
collisions with the attachment surface, and hence an increase in the 
opportunity for attachment. Other workers (Notermans and Kampelmacher, 
1974; Fletcher, 1977; Zoltai et al., 1981; Duddridge et al., 1982; 
Ridgway et al., 1984; Stone and Zottola, 1985) similarly found 
attachment of bacteria to increase with time, although appreciably 
lower culture concentrations and different bacterial strains and 
substrata were used. The one exception was the study of McMeekin and 
Thomas (1978) where the time of immersion in the bacterial suspension 
was found to have little effect on the retention of bacteria on chicken 
skin. 
When grown and tested under similar conditions all types of bacteria 
tested (Gram-positive, Gram-negative, flagellated, non-flagellated, 
rods or cocci) adhered in less than 10 minutes to the attachment 
substrata, and the numbers attaching increased as the residence time 
i 
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in the suspension fluid was increased. In all cases the rate of 
attachment was very rapid, as has been reported for bacteria adhering 
to ion exchange resins (Wood, 1980), Starch grains (Minato and Suto, 
1976), pork (Butler et al., 1979), chicken skins (Lillard, 1985) and 
meat surfaces (Kriaa et al., 1985). This attachment rate rapidly 
increased in the first 4 hours of immersion 'and then declined 'to zero. 
One possible explanation for the initial rapid attachment rate is that 
phosphate present in the suspension buffer is adsorbed onto the 
immersed surfaces and subsequently encourages more cells to adhere. 
However, this is thought not to be the case since Harber et al. (1983), 
have shown the presence of phosphate in the medium to have no effect on 
cell adhesion while Busscher et al., (1986) found phosphate buffer to 
have no effect on the physicochemical characteristics of bacteria. An 
alternative explanation based on published work is that cells deprived i 
of nutrients, as was the case in this study, become more adhesive 
(Dawson et al., 1981). It has been reported (Novitsky and Morita, 
1976,1977,1978; Dawson et al., 1981; Kjelleberg et all., 1982,1983; 
Humphrey et al., 1983) that following' suspension of bacteria in low 
nutrient media, the cells become metabolically very active for the 
first 4-5 hours. During such activity polymeric exudates implicated 
(Corpe, 1970b; Fletcher and Floodgate, 1973; Costerton and Geesey, 
1979; Uhlinger and white, 1983) in the adhesion mechanism may well be 
produced (Dawson et al.,, 1981) thereby, enabling cells to adhere more 
rapidly. Although Kjelleberg and co-workers (Kjelleberg, 1984; 
Wrangstadh et al., 1986) have shown the adhesion of cells to decrease 
with polymer production, the combined work of Nelson et al. (1985) and 
Robinson et al. (1984) suggests that there is a direct relationship 
between the quantity of exopolymer produced and the cell adhesion rate; 
lending credence to the idea that in this particular adhesion system 
being investigated ' extracellular polymer production may well be 
involved. Further evidence for this is provided by SEM 
photomicrographs of bacteria adhering to polypropylene 'B' substrata 
(Section 3.3.3). It is probable that after the initial 4-5 hours the 
metabolic activity ceases and with 'no further production of 
extracellular material the adhesion rate reaches equilibrium and steady 
state levels are obtained. In addition to polymer production bacteria 
have been found to develop an increasingly hydrophobic surface when 
starved (Kjelleberg, 1984). This would increase their affinity, for 
Al 
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hydrophobic surfaces and enhance the adhesion rate. Thus the initial 
high rate of attachment of the bacteria from the low nutrient media is 
a consequence of either the production of polymeric exudates, or the 
change in cell hydrophobicity or both. 
Although the above explanations may aid interpretation of the data 
obtained for the hydrophobic plastics it cannot account for the high 
rates observed for the stainless steel substrata; where no evidence for 
polymer production was obtained from electron micrographs. In such 
cases it may be the by-products of the cell's, metabolic activity which 
modify the substrata and/or all surface properties favourably to 
encourage subsequent adhesion; especially since bacterial supernatants 
have been shown to alter surface properties of hydrophilic substrata 
but not those of hydrophobic surfaces (Fletcher and Marshall, 1982). 
It must be pointed out that neither of these explanations can account 
for the peculiar adhesion patterns obtained for Acinetobacter at the 
plastic substrata where, after a period of 14 hours at zero attachment, 
the level of attachment again increased (Figure 6.7). However such 
profiles are characteristic of multi-layer attachments. 
The results obtained when investigating the effects of cell replication 
on the observed attachment profiles (Figure 6.33 - 6.36), suggest that 
the reduced metabolic activity of the bacterial cells after 4 hours 
cannot alone account for the steady state values reached. With respect 
to the control, higher levels of attachment would have been expected 
for the substratum samples transferred to a fresh suspension of 
Pseudomonas where the cells were again, as suggested above, 
metabolically active for the first 4-5 hours. The fact that similar 
adhesion levels were obtained in both cases suggests that surface 
saturation must have occurred before transfer of the sample. This 
signifies that there are probably a finite number of binding sites 
available on the substratum and that once these are all occupied no 
further adhesion occurs, even if the cells have an increased adhesion 
capacity. Also the varying steady state levels shown by the test 
strains may be indicative of bacteria having an affinity for different 
binding sites on the same and/or different substrata. However it may 
also show differences in envelope structure and organism-organism 
lateral interaction radii and not merely binding sites. 
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If it is assumed that when attached a single bacterium occupies an area 
of lam x 0.5ym then there are likely to be 2x 106 binding sites mm 
2. 
No bacterial species tested reached this theoretical saturation level; 
only a maximum of 25% coverage was obtained. The'adsorption isotherms 
obtained in this study are similar to those obtained for the adsorption 
of micro-organisms to polystyrene (Fletcher, 1977), and glass 
(Orstavik, 1977). In both these cases the maximum adsorption of cells, 
represented by the plateau to the curves, was between 106 and 107 cells 
cm 
2 
and correlates well with the data obtained in this study. 
Fletcher (1977) observed surface saturation to occur when approximately 
40% of the surface was covered with bacteria, Powell and Slater (1983) 
1-5%, Ridgway et al., (1984) 2.8%, while Nelson et al., (1985) -found 
surface saturation to occur at approximately 0.1% bacterial coverage. 
In the present study surface saturation ranged between 1-25% depending 
on the experimental substratum. These differences in surface 
saturation are attributable to the different experimental conditions 
applied in each study. Firstly, the substrata used in each case 
differ, thus the nature and level of the binding sites are likely to 
vary. - In addition variation in surface roughness of each substratum 
would alter the number of binding sites and in turn diversify the 
maximum coverage possible. Secondly, the dynamics of the system 
differ. Since there is decreased sticking efficiency of bacteria with 
increasing turbulence -(Nelson et al., 1985), more bacteria are likely 
to attach under static conditions, as applied in this study and that of 
Fletcher (1977), while fewer will adhere from the flowing system 
applied by Powell and Slater (1983) even though the number of 
collisions per unit time will increase. This decrease in sticking 
efficiency is probably due to differences in the average bacterial 
residence time at a surface for a given flow regime. For example, the 
average residence time at the surface in Fletcher's quiescent system 
was in the order of 1 hour, while the average bacterial residence time 
in Powell and Slater's laminar flow system was approximately 5 seconds 
(Nelson et al., 1985). Evidently, 'the increase in the number of 
collisions per unit time for the flowing system is unable to counteract 
for the reduced contact time between the bacteria and the substratum, 
the latter being in many cases important for firm adhesion to be 
established. Finally, and most importantly, the ionic strengths of the 
suspension media differ, and will affect the maximum cell coverage 
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attainable (Rutter and Vincent, 1980,1984). At low electrolyte 
concentrations (approximately 10-4 mol dm-3), as used by Ridgeway 
et al., (1984), low levels of surface coverage would be obtained due to 
strong normal repulsion between the bacteria and the substratum and 
additional lateral repulsion between neighbouring attached cells. At 
high ionic strength (approximately 10-1 mol dm 
3) 
there is an 
additional lateral attraction force between neighbouring cells, which 
results in a high affinity adsorption isotherm and higher saturation 
levels are attainable (Rutter and Vincent, 1984). At intermediate 
electrolyte concentrations, as was the case in this study and that of 
Fletcher (1977), there would be a weaker but still effective lateral 
repulsion between the attached cells; thus intermediate saturation 
levels are obtained. . 
This influence of the electrolyte concentration 
on the level of surface saturation may provide one explanation for the 
peculiar attachment trends observed for Acinetobacter at the plastic 
substrata. From the growth curves of Acinetobacter (Appendix II) it 
appears that the number of cells in suspension decline after 24 hours. 
Such cellý. lysis will increase the ionic strength of the medium thereby 
increasing the maximum coverage attainable. In addition the lower 
repulsive forces arising from the increased electrolyte concentration 
would enable more organisms to adhere. The change in the ionic 
concentration of the medium thus provides one explanation for the 
increased attachment rates observed for Acinetobacter after a 24 hour 
immersion period. 
The attached populations, as reported by other workers (Nelson et al., 
1985; Van Pelt et al., 1985) were more or less uniformly distributed 
over the substrata, although there were many small regions of each 
substratum which remained devoid of bacteria (as shown in 
Section 3.3.3). Uniform binding with areas similarly devoid of cells 
has been reported by Ridgeway et al. (1984) and Woolfson et al. (1987). 
The reasons for the lack of cellular adhesion to certain areas are not 
clear. It is possible that the binding sites are not uniformly 
distributed or that adsorbed cell debris or ions from the media may 
partially mask the binding sites in some regions of the substratum. 
Firstenberg-Eden (Firstenberg-Eden et al., 1979; Firstenberg-Eden, 
1981) has similarly shown bacteria to be present in small crevices of 
the cow teat. Patterson (1972) who sampled bacteria from broiler skin 
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showed that not only were some sites more heavily contaminated than 
other, but that there were different flora at different sites. These 
results suggest that specific interactions may take place between 
bacteria and certain microhabitats on the surface. As well as adhering 
to the binding sites the cells may well adhere to the surfaces of those 
cells initially adsorbed (Belas and Colwell, 1982). Although this does 
appear to be the case in some instances, on the whole distinct gaps 
were visible between the adhered cells (Plates 3.9 - 3.10). Such gaps 
are attributable to lateral repulsions arising as a result of the 
relatively low electrolyte concentration of the suspension medium 
(Rutter and Vincent, 1980,1984). 
In addition to immersion time, bacterial growth may also contribute to 
the number of cells present on the surface. However, under the 
specific conditions applied in this study cell replication for the 
duration of the adhesion assays was demonstrated not to be a 
contributory factor. Firstly, since very little exogenous nutrients 
were available in the media, growth and division of the suspended cells 
were minimal. Secondly, the vast majority of the attached cells did not 
appear to replicate at the substratum surface, even when the nutrient 
content at such surfaces was increased by meat-liquor treatment. This, 
however, is not totally surprising since it has been subsequently shown 
that the particular organisms under investigation do not utilize the 
components of the beef, pork, and bacon test filtrates; no growth was 
observed when the test bacteria were suspended in these meat-liquors 
over a period of 28 hours (Appendix II). This supports the use of 
phosphate buffer in this study since phosphate buffer restricts cell 
growth and replication and simulates the conditions in situ; Where the 
contribution of cell growth to work surface contamination during the 
hours of processing is likely to be minimal compared with the effects 
of, cell accumulation from external sources and, subsequent cell 
transfer. 
During evaluation of cell replication at the attachment surface, it was 
found that there was a loss in the number of cells attached when the 
substratum was transferred to sterile phosphate buffer. This suggests 
that the attachment mechanism must involve both the processes of 
adsorption and desorption. However, this loss of cells from the 
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substratum did not continue indefinitely, signifying that cells may be 
adhered with varying degrees of binding strength; while those- strongly 
bound are never desorbed, there is a"continuous turnover of those bound 
with lower adhesive strength i. e. - the 'reversibly'. bound 'forms. The 
number of attached cells at the substratum which was transferred to the 
fresh Pseudomonas suspension showed very little deviation from the 
control and suggested that in both these cases, the desorbed-cells were 
actively replaced by other cells present in suspension. But as the 
numbers were so similar it suggests again that only a finite number of 
cells were able to find suitable binding sites. 
When the overall adhesion patterns were considered, motility, also 
appeared to have very little influence since no differences were 
observed between the adhesion capacities of the, flagellates 
(Enterobacter and Pseudomonas) and those of, the non-flagellates 
(Moraxella and Acinetobacter). These results appear in agreement with 
other published data-(Barnes and Thornley, 1966; Barnes 1976; McMeekin 
and Thomas, 1978; Notermans et al., 1980; Speers and Gilmour, 1985; 
Campbell et al., 1987). However, when the' adhesion patterns of a 
single organism (Pseudomonas) in both motile and non-motile form were 
observed, the effects of motility became evident. The flagellated 
forms attached more readily than the non-flagellates (Figures 6.28 - 
6.31), lending--some credence to the idea that flagella do play a role 
in attachment. The importance of motility thus cannot be judged by 
comparing different strains, as is often reported in the literature, 
since the bacteria's ability to attach is also dependent upon other 
factors; such as, -the ability to produce slime, compatibility between 
the bacteria and substratum surface. Other workers have similarly 
compared the attachment of a single bacterial strain with and without 
flagella and found that the flagellated forms attached more readily 
than did the non-flagellated (Notermans and Kampelmacher, '1974). In 
this study sonication, as opposed to chemical methods, were used to 
remove the flagella and convert the organisms to a non-motile state. 
This was done to ensure that it was the effects of motility loss that 
were being observed and not the effects of changes in surface chemistry 
of the 'cell. The subsequent work of Busseher et al. (1986) supports 
the use of this treatment since they have shown sonication to have no 
significant effect especially on the physicochemistry of the bacterial 
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cell. The results obtained (Figure 6.29) agree with earlier studies 
(Notermans and Kampelmacher, 1974; Butler et al., 1979; Fletcher, 1979; 
Farber and Idziak, 1984) that non-motile cells have a much slower rate 
of attachment. However the number of non-motile cells attaching did 
increase with time, as reported by Stanley (1983) and Lillard (1985), 
eventually reaching similar levels to those obtained for the motile 
cells (Figure 6.28,, 6.30 and 6.31). 1 The time lapse was insufficient 
for complete regeneration of flagella and seems to suggest that the 
sonication treatment applied'for dislodging the-flagella did not remove 
parts of the cell exterior necessary for attachment and showed that 
loss of motility was the reason for the slower adherence of sonicated 
cells. It is not surprising that motility has an effect since it 
increases the number of probable collisions between the bacterium and 
the substratum. For non-motile cells, dead or alive, the cells acquire 
Brownian motion through the unbalanced bombardment by the surrounding 
liquid molecules and usually results in a low diffusivity rate. For 
live motile bacteria, the, cells move through the medium by'flagellar 
propulsion and a higher diffusivity rate, as much as 100-fold higher, 
(Jang and Yen, 1985) can be obtained. Higher diffusivity- rates 
increase the chance of the cells encountering a suitable substratum for 
attachment purposes. As the motile bacteria-age or die, the flagella 
cease functioning and- the diffusivity rate becomes identical to the 
Brownian. motion (Jang and Yen, 1985) and results in fewer cells 
attaching. The age of the culture thus again appears to be an 
important contributory factor in bacterial adhesion. In addition to 
increasing the rate of contact, motility may also. enable 'correct' 
orientation of the cells, as they approach the contacting surface, a 
condition thought necessary by Marshall and Cruickshank (1973), whereas 
under Brownian motion alone the cells move around in a haphazard 
manner. However, no evidence for specific orientation of cells was 
visible in SEM photomicrographs obtained, under the experimental 
conditions applied in this study. 
When the overall attachment data were compared, the results support the 
idea that adhesion' is a complex function of the physiological 
properties of the organism and the physicochemical properties of the 
organism, the substratum and the environment. 
246 
From a thermodynamic view point adhesion to high energy hydrophilic 
surfaces should be more extensive than to low energy hydrophobic 
surfaces (Absolom et al., 1983). However, as both hydrophobic and 
electrostatic interactions are also involved, a high energy surface may 
not be the most effective substratum for attachment (Fletcher and Loeb, 
1979). The experimental results of this study show stainless steel 
consistently carrying relatively lower numbers of attached bacteria 
than the plastics, signifying the tendency of the cells to attach in 
higher numbers to surfaces with low surface free energies. 
Although not predicted from thermodynamic models, this observation is 
in agreement with the suggestion of Rosenberg et al., (1983b) and with 
the experimental evidence provided by others (Fletcher and Loeb, 1979; 
Fletcher, 1980a, b; Hogt et al., 1982; Pringle and Fletcher, 1983; Van 
Pelt et al., 1985) indicating that hydrophobic interactions play an 
important role in biofilm formation. However, it should be noted that 
when the wettability of the surface was considered for each individual 
substratum no correlation was found between the 'bubble contact' angle 
measured (Table 4.3) and the number of bacteria attached mm 
2 
of 
surface (Figures 6.10 - 6.14). Similarly, poor correlation between 
surface energy and adhesion has been reported by van Pelt et al., 
(1985), suggesting that there is no simple relationship between the two 
parameters. 
While investigating the effects of surface replication of adhered 
bacteria to the overall attachment profiles, it was found that a 
relatively greater number of bacteria desorbed. from the low energy 
polypropylene 'B' substrata (Figures 6.32` and 6.33)-than from the 
higher energy stainless steel (Figures 6.34 and 6.35). It is possible 
that binding strength rather than attachment level is directly related 
to surface free energy of the substratum. Quantitative evidence 
supporting this view has been supplied by the radial flow growth 
chamber experiments (in Section 7.3), which clearly shows that bacteria 
detach more readily from low energy, hydrophobic surfaces than from 
high energy hydrophilic surfaces. Similar results have been reported 
by van Pelt et al., (1985). 
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At stainless steel surfaces all the test strains exhibited different 
initial rates of attachment (Figure 6.2) but on the whole produced 
similar attachment profiles (Figure 6.9), indicating a common mode of 
attachment or a common binding site at such surfaces. - It* is-possible 
that cell adhesion at hydrophilic surfaces is a passive process 
(Fletcher, 1980b; Fletcher and Marshall, 1982; Paul and Jeffrey, 1984, 
1985) and thus is relatively non-specific (Jones, 1977; Grinnell, 
1978). Support for this suggestion is provided by the results obtained 
for meat-liquor treated Polyethylene 'II'. Following meat-liquor 
treatment this plastic 'was rendered hydrophilic, with contact angle 
measurements comparable with those for stainless steel, and resulted in 
identical attachment profiles being produced by all the test strains. 
In contrast distinct attachment profiles were obtained for the 
different organisms at hydrophobic surfaces suggesting the presence of 
a more specific attachment mechanism. 
Microtopography of the substrata also appears to be an important factor 
in biofilm formation; if surfaces contain deep channels and crevices 
bacteria may become trapped in the holes (Mossel/ et al., 1966; Thomas 
and McMeekin, 1981a; Campbell et al., 1987). The results of this study 
and others (Baker, 1984; Brewer, 1984; Speer and Gilmour, 1985) -show 
that an increase in surface roughness increases the level of cellular 
adhesion by either increasing the surface area and hence the binding 
sites available for adhesion, or by increasing the chances of organism 
entrapment. 
There appears to be an inverse relationship between attachment and the 
electrophoretic mobility of both contacting surfaces. Low 
electrophoretic mobilities are indicative of low surface charge, which 
results in weak electrostatic repulsion forces (Corpe, 1970a) being 
established between the adhering bacteria and the potential substratum. 
These relatively weak forces can be overcome more easily (Curtis, 
1973), thus a greater number of cells are able to approach close enough 
to the surface for collision and subsequently adhesion to occur. 
When considering the attachment data for individual organism it was 
found that, in general, the bacteria showed a preference for 
hydrophobic, rough surfaces with a relatively low negative charge. 
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Similar preferences have been reported by Fletcher and Loeb (1979), and 
Brewer (1984). The strains of Pseudomonas and Moraxella tested adhered 
more rapidly to the different substrata than did the other test 
organisms. Firstenberg-Eden et al. (1978) and Butler et al. (1979) 
also found that strains of Pseudomonas adhere more rapidly to meat 
surfaces than those of other bacteria. The test organisms Enterobacter 
and Staphylococcus have identical negative electrophoretic mobility 
values (Table 4.1), which being higher than those for Pseudomonas and 
Moraxella resulted in correspondingly lower rates of attachment 
especially at the plastic substrata (Figures 6.4 and 6.6). 
Acinetobacter having intermediate electrophoretic mobility values 
appears to show similarities with both sets of organisms (Figure 6.7). 
Thus it appears that the kinetics of attachment are not only dependent 
upon the properties of the substrata but also on the nature of the 
bacterial strain. The, identical attachment profiles obtained for 
Pseudomonas and Moraxella (Figure 6.4) are, not surprising since these 
organisms are taxonomically linked. However, the similar trends shown 
by the taxonomically dissimilar organisms Enterobacter . and 
Staphylococcus (Figure 6.6) cannot foliow the same argument. 
To have an effect on bacterial attachment, the meat-liquors must affect 
at least one of the three components of the system; the bacterial 
surface, the attachment surface, or the surrounding bulk. medium. It is 
unlikely that in this particular investigation, where only an adsorbed 
meat-liquor layer was used that the latter would have been affected, so 
any changes in the attachment capacities of the bacteria shown after 
pre-treatment would be attributable to alterations in the bacterial or 
substratum surface. 
The distinctly different results (Figure 6.15 - 6.24) obtained for the 
polyethylene 'II' and polypropylene 'B' substrata signify that the 
extent of modification by different meat-filtrates depends on the 
nature of the filtrate and on the initial properties of the substratum; 
with subsequent attachment profiles being dependent also on the nature 
of the organism. Only pre-treatment of Acinetobacter and/or its 
corresponding attachment surface (Figures 6.15 and 6.16) had an adverse 
effect on attachment. The adsorbed layers of polymers probably made 
the surface less suitable for attachment either by adhering onto and 
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obscuring attachment sites, or by steric exclusion (Hesselink et al., 
1971; Maroudas, 1975 b). In all other cases either no change or an 
increase in attachment levels were observed after meat-liquor 
treatment. In such cases the bacteria may have contacted a 'substratum 
coated with polymer layers which' were able to interact with those 
present on the microbial surface. This may have occurred directly as 
in the case 'of receptor-adhesive 'interactions (Jones, - 1984) or via a 
mediatory molecule as postulated by Beachey et al., (1980). In 
addition it "is probable that adsorption of proteins from the 
meat-liquors reduced the high negative surface charge of the substrata 
(as shown in Section 4.3.1), and increased the number of bacteria able 
to attach. Similar results have been reported by Fletcher (1976) 
working with pure proteins. 
Although at the clean substrata attachment appears to be'dependent upon 
the physicochemistry of the system, the same dependency was not evident 
after meat homogenate liquor treatment; only Pseudomonas and 
Staphylococcus appear to retain the inverse relationship between 
electrophoretic'mobility and attachment. It is probable that after 
meat-liquor treatment the dispersion and electrostatic forces playing a 
dominant role in the attachment of bacteria to clean surfaces are no 
longer directly involved. In such cases the steric stabilization force 
may be dominant (Bell et al., 1984). The steric stabilization force is 
well-known in the theory of colloid suspensions (Napper, 1977); such 
forces are associated with the change in the structure of two 
interfacial regions surrounding the bacterium and the contacting 
surface, brought about by their overlap (Rutter and Vincent, 1986). 
When adsorbed polymers are present on the bacterial surface and/or the 
substratum, close approach and overlap is likely to cause disorder of 
the polymer configuration resulting in both structural and 
physicochemical changes. It is therefore possible, although not 
obvious from the data, that the initial wettability and surface charge 
density of both contacting surfaces play an important role in defining 
the structural forces, since they will dictate the specific orientation 
of the adsorbed polymers on close approach (Robb, 1984). 
Treatment of the substrata with 'Titan Quatdet SU 321' detergent 
appears to dramatically decrease the rate of attachment and reduces the 
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number of bacteria attaching by 1000-fold (Figures 6.25 and 6.26). 
Similar reductions in organism isolation as a result of cleansing have 
been reported by Breer (1981) and Ruosch (1983). Initially a large 
number of cells are attracted to the detergent treated substratum as a 
result of the reduced negative surface charge (Table 4.2). But upon 
contact with the 'Titan Quatdet SU 321' the cells are inactivated 
and/or easily removed from the surface, for example by water washing. 
This quaternary ammonium detergent inactivates the bacteria by binding 
to the negatively charged receptor groups on the cell wall and reacts 
with cell wall proteins to eventually cause cell disruption, leakage of 
cellular components and destruction of essential enzymes (McCoy, 1980). 
The effects of surface active agents on microbial cells have been 
extensively covered by the Society of Chemical Industry monograph 
number 19 (1965). In addition, the detergent may well interfere with 
the action of the polymeric adhesive thought to be produced in the 
first 4. - 5 hours after initiation of the attachment assay. Fletcher 
and Floodgate (1976) found that when a fimbriated marine pseudomonad 
was grown in the absence of, calcium or magnesium ions, the secondary 
polysaccharide material was greatly disrupted in a short period of 
time. 'Titan Quatdet SU 321', containing a high level of organic 
sequestrant, actively removes calcium ions from the vicinity of the 
cells, and will 'adversely affect the structural integrity of any 
extracellular polymer produced or its precipitation between the cell 
and the substratum; the latter also being dependent on the presence of 
calcium ions (Rutter, 1980). The individual components of 'Titan 
Quatdet SU 321' when acting alone appear to have less of an effect than 
when present in the complete formulation (Figure 6.27). It may be that 
each component acts in such a way that is aids the specific activity of 
another component, making the detergent more effective in-its overall 
function as discussed in Section 4.4. For example, the organic 
sequestrant may not only adversely affect the stability of the 
polymeric exudate by removal of Ca 
++ ions from the substratum but may 
also aid the adsorption of the quaternary detergent onto the cells by 
the same mechanism. Ca 
++ ions in hard water (used in cleansing 
procedures and in making up the detergent to the correct concentration) 
also bind to the detergent active sites, that is the negatively charged 
groups on the cell wall, thereby reducing the efficiency of the 
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cationic detergent. The organic sequestrant removes Ca' ions from the 
bacterial cell wall and enables more quaternary to bind- and 
subsequently disrupt the cells. 
Many methods have been suggested to enumerate the microbial populations 
of meat processing equipment, including the swab-rinse, the rinse and 
the agar contact plate techniques, all of which yield lower numbers of 
organisms than do maceration-methods used routinely for establishing 
the microbial content of meat products (Baldock, 1974; Notermans and 
Kampelmacher, 1975 a, b; Niskanen and Pohja, 1977; Notermans et al., 
1975 a, b, 1979; Butler et al., 1979). According to many investigators 
(Notermans and Kampelmacher 1975 a, b; 1979; Butler et al., 1979; 
McMeekin et al., 1979; Notermans et al., 1980) the attachment of 
microbes accounts for the different results obtained by the destructive 
as compared to the non-destructive methods. The results of this study, 
however, show the recovery rates of bacteria from a surface not to be 
related to the actual number of adhered cells, since no correlation was 
obtained between the attachment data (Figures 6.4 - 6.9) and the 
percentage of cells recovered by the swab-rinse technique (Table 6.1). 
In addition, when the data obtained under laboratory conditions was 
compared with that obtained in the field (Section 3.3.1), only 
Moraxella and Staphylococcus species showed similar percentage 
recovery. In all cases no single correlation was upheld by all five of 
the organisms tested. However, it must be pointed out that in 
comparison to the laboratory conditions the field situation is a very 
complex environment. The deviations in the two sets of data 
(Tables 3.2 and 3.3, and Table 6.1) are thus attributable to a number 
of basic variations. Firstly, under laboratory conditions pure 
cultures all in the same growth phase were employed, thus each cell is 
likely to have had a similar adhesive capacity. In contrast the field 
population is mixed and the competing cells are likely to have a range 
of adhesion capacities. Secondly, the isolation procedure employed in 
situ involved the use of a statistical selection procedure, dependent 
upon the relative levels of each organism type present and indirectly 
on their competitive behaviour. Thirdly, under laboratory conditions 
only a monolayer of cells was formed within the duration of the 
experiments (Plates 3.14 - 3.17), whereas in the field multicellular 
layers are common place (Plates 3.12 - 3.13); thus in the laboratory 
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only cell-substratum interactions are likely to have played a role, 
whereas in the field cell-cell interactions become increasing 
significant. The latter, being a completely different phenomenon 
(Jandlova and Bubenik, 1983), complicates the issue. 
The relationship between the hygiene conditions of the working areas 
and the corresponding data obtained by surface sampling methods still 
remains unclear. When a particular bacterium is isolated in large 
numbers from a solid surface it may imply either that the organism is 
present in large numbers, or that the forces with which these cells are 
adhered are weak enough to enable easy removal, or thirdly that the 
forces of attachment are strong enough to withstand routine shear 
forces and that such cells are isolated only after vigorous swabbing. 
To determine which is the most likely interpretation, the forces of 
adhesion for each individual bacterial species on different substrata 
under a range of experimental conditions were determined as reported in 
the next chapter (Chapter 7). 
253 
N 
Table 6.1 
Percentage of attached organisms recovered from clean substrata using the 
swab-rinse technique. Organisms were allowed to adhere, under static 
conditions, from phosphate buffer solutions at cell concentration of 109 
organisms ml -l for 18 h. 
Organism Substratum under test 
under test Polyethylene 'II' Polypropylene 'B' Stainless steel 
Pseudomonas 92.9 (+ 3.5) 77.2 (+ 5.1) 51.6 (+ 3.9) 
Enterobacter 82.9 (+ 2.6) 41.1 (+ 0.1) 82.9 (+ 3.9) 
Acinetobacter 75.7 (+ 2.8) 47.9 (+ 1.4) 53.5 (+ 1.5) 
Staphylococcus 71.0 (+ 2.9) 64.3 (+ 0.0) 82.3 (+ 5.8) 
Moraxella 25.5 (+ 1.4) 30.0 (+ 3.7) 89.0 (+ 2.1) 
NOTE: In general only a 10% recovery has ever been obtained by 
other workers. The high recoveries obtained in this study 
are attributable to a number of factors. Firstly the error 
used in. the calibration of the spectrophotometer with 
total counts is approx. ±5o % and that due to ATP 
measurement is approx. ±Zo% .A combination of 
these 
results in a high percentage error for the overall 
recovery rates. 
., 
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FIGURE 6.4 Attachment of different bacteria to clean polypropylene "B'' 
Moraxella (0) and Pseudomonas (x) cells attaching 
from phosphate buffer suspensions of 109 organisms mI'1, 
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FIGURE 6.5 Rate of attachment of Pseudomonas (s) and Moraxella 
(x) from phosphate buffer to clean polypropylene "B" from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20 °C 
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FIGURE 6.6 Attachment of different bacteria to clean polypropylene "B": 
Enterobacter (0) and Staphylococcus (o) adhering 
from phosphate buffer suspension of 109 organisms ml-1 
at 20°C 
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FIGURE 6.7 Attachment of Acinetobacter to clean polypropylene "B" 
from phosphate buffer suspensions of 109 organisms ml-1. 
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FIGURE 6.8(a) Attachment of Acinetobacter to clean polyethylene "II". 
All bacterial species were attached from phosphate buffer 
suspensions of 109 organisms ml-1, at 20°C. 
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FIGURE 6.8(b) Attachment of Enterobacter to clean polyethylene "ll". 
All bacterial species were attached from 'phosphate buffer 
suspensions of 109 organisms ml-1. at 20°C. 
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FIGURE 6.8(c) Attachment of Moraxella to clean polyethylene "II". 
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All bacterial species were attached from phosphate buffer 
suspensions of 109 organisms ml-1, at 20°C. 
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FIGURE 6.8(d) Attachment of Pseudomonas to clean polyethylene "II". 
All bacterial species attached from phosphate buffer 
suspensions of 109 organisms ml-1, at 20°C. 
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FIGURE 6.8(e) Attachment of Staphylococcus to clean polyethylene "II". 
All bacterial species were attached from phosphate buffer 
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FIGURE 6.9 Attachment of different bacteria to clean stainless steel. 
All bacterial species were attached from phosphate buffer 
suspensions of 109 organisms ml-1 at 20°C. 
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FIGURE 6.10 Attachment of Pseudomonas to polyethylene "II" (s), 
polypropylene "B" (0), and stainless steel (x) from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20°C. 
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FIGURE 6.11 Attachment of Moraxella to polyethylene "II" 
polypropylene "B" (0), and stainless steel (x) from 
phosphate buffer suspensions of 109 organisms ml'. 
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FIGURE 6.12 Attachment of Staphylococcus to polyethylene "II" (0), 
polypropylene "B" (0), and stainless steel (x) from 
phosphate buffer suspensions of 109 organisms ml-1. 
at 20°C. 
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FIGURE 6.13 Attachment of Acinetobacter to polyethylene "II" (s), 
polypropylene "B" (0), and stainless steel (x) from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20°C. 
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FIGURE 6.14 Attachment of Enterobacter to polyethylene "II" (s), 
polypropylene "B" (0), and stainless steel (x) from 
phosphate buffer suspensions of 109 organisms ml-1. 
at 20°C. 
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FIGURE 6.15 Effects of beef-liquor treatment on attachment of 
Acinetobacter to polyethylene "ll". Attachment at 
phosphate buffer suspensions of 109 organisms m1-1, 
at 20°C. 
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FIGURE 6.16 Effects of beef-liquor treatment on attachment of 
Acinetobacter to polypropylene"B". Attachment from 
phosphate buffer suspensions of 109 organisms ml"1. 
at 20°C. 
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FIGURE 6.18 Attachment of pork-liquor treated Pseudomonas to 
pork-liquor treated polypropylene "B". 
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FIGURE 6.19 Attachment of clean Pseudomonas to 
pork-liquor treated polypropylene "B". 
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FIGURE 6.20 Effects of meat-liquor treatment on attachment of 
Staphylococcus to polypropylene"B". Attachment from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20°C. f! 
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FIGURE 6.21 Effects of meat-liquor treatment on attachment of 
Enterobacter to polypropylene"B". Attachment from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20°C. 
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FIGURE 6.22 Effects of meat-liquor treatment on attachment 'of 
Moraxella to polypropylene"B". Attachment from 
phosphate buffer suspensions of 109 organisms ml-1. 
at 20°C. 
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FIGURE 6.23 Effects of meat-liquor treatment on attachment of 
Moraxella to polyethylene"B". Attachment from 
phosphate buffer suspensions of 109 organisms ml-1. 
at 20°C. 
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FIGURE 6.24 Effects of meat-liquor treatment on attachment of 
Moraxelia to polyethylene"II". Attachment from 
phosphate buffer suspensions of 109 organisms ml-1, 
at 20°C. 
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FIGURE 6.25 Attachment of Enterobacter to detergent treated 
polypropylene "B" from phosphate buffer suspensions 
of 109 organisms ml-1 at 20°C. 
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FIGURE 6.26 Attachment of Pseudomonas to detergent treated 
polypropylene "B" from phosphate buffer suspensions 
of 109 organisms ml-1 at 20°C. 
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FIGURE 6.27 Attachment of Pseudomonas to detergent treated 
polypropylene "B" from phosphate buffer suspensions 
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CHAPTER 7 
MEASUREMENT OF MICROBIAL ADHESION 
7.1 INTRODUCTION 
7.1.1 Biofilms and Adhesive Strength 
Biofilms affect a range of commercial activities (Characklis, 1981) and 
are consequently of much current research interest. Whether for 
optimal enhancement (Atkinson and Fowler, 1974), or elimination, there 
are many economic advantages arising from their effective control. 
This control may be afforded by a deeper understanding of the 
fundamental processes of microbial adhesion and biofilm development 
(Characklis and Cooksey, 1983). 
Part of this understanding involves the characterization of adhesive 
strength, that is, the strength of cell-substratum linkages (Fowler and 
Mckay, 1980). Previous workers have quantified adhesive strength in 
terms of the bacteria forming associations strong enough to withstand 
washing (Weiss, 1972; Fletcher, 1977) or in terms of the minimum force 
needed to remove a given percentage of cells (Christie et al., 1970; 
George et al., 1971). But ever increasingly the emphasis is being 
placed on assessing bacterial adhesiveness by the magnitude of the 
interfacial fluid shear stress necessary for complete cell detachment. 
Various techniques have been reported for the measurement of this 
parameter and those most commonly employed involve laminar flow in 
capillaries (Rutter and Leech, 1980; Powell and Slater, 1982,1983), or 
between parallel plates (Nordin et al., 1967; Mohandas et al., 1974), 
flow over rotating discs (Weiss, 1961; Jenkins, 1976) or shallow cones 
(Weiss, 1967), and coueýtte flow between concentric cylinders (Visser, 
1970). 
As discussed in Chapter 1, Marshall et al., (1971) have shown bacterial 
adhesion to be a two-phase process: a primary physical attraction of 
the cells to the surface, followed by a secondary biological 
stabilization. Any attempts to understand the principles underlying 
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the formation of biofilms or to provide design data to exploit the 
situation in practice demands a method of measuring cell adhesion which 
takes account of this two-stage process. Although useful in 
determining the forces of adhesion stabilization, the techniques based 
on destruction of a pre-formed layer of cells gives no indication of 
the strength of the physical forces which take the bacteria to the 
attachment surface in the first place. The system described by Fowler 
and McKay (1980), utilizing laminar, radially diverging flow between 
parallel discs, however, appears to meet the above criteria since it 
not only enables an assessment of the strength of irreversible adhesion 
but also takes into account the combined effects of the primary forces 
of attraction and the biological adhesive potential of the cells. 
Fowler and McKay's 'Radial Flow Growth Chambe 
defined measurement of adhesiveness in the form 
shear stress above which the organisms are unable 
detectable film on the surface. Compared with 
system gives improved control of shear forces, 
accurate assessment of adhesion. 
r' (RFGC) provides a 
of the maximum fluid 
to form or maintain a 
earlier methods this 
resulting in a more 
The 'RFGC' for the purposes of this study provides a single means of 
investigating both the phenomena of attachment involved in biofilm 
formation and that of detachment involved in biofilm destruction and 
removal. Detachment is distinct from attachment and is independent of 
the contact " interaction, whereas it is precisely the contact 
interaction that is rate-limiting for adhesion (Grinnell, 1978). The 
'RFGC' device being amenable to aseptic operations enables work to be 
carried out on a single bacterial strain and provides a means of 
investigating film formation and adhesive strength of individual 
bacteria. In turn the order of adhesion and/or adhesive strength may 
be correlated with surface characteristics, such as charge and 
wettability. Since the same system can also be used for studying the 
detachment of films performed under static conditions, the effects of 
various parameters, such as process-line constituents or cleansing 
reagents on biofilm formation and removal can be determined using this 
single device. 
7.1.2 The 'Radial Flow Growth Chamber' (RFGC) 
This device (Figure 7.1) was developed for the study of biofilms by 
Fowler and McKay (1980) and is based on the idea of the radial 
diffuser. In this system a shear force is set up against which the 
cells must adhere. The cells are carried along in a stream of fluid, 
parrallel to the surface undertest. Random diffusion will result in 
the cells approaching within the range of physicochemical attraction 
forces which hold them at a finite distance from the test surface 
(Marshall, 1972). The cells will then be subject to two opposing sets 
of forces; the physicochemical attraction forces, and the fluid shear 
forces. The net effect of these forces will result in a mean residence 
time for cells at the surface, dependent directly on the physical 
interaction energy between the cell and the surface and inversely on 
the fluid flow rate (Fowler and McKay, 1980). It has been suggested 
(Marshall et al., 1971) that secondary irreversible adhesion is a 
time-dependent process, thus if this stabilization time is greater than 
the mean residence time, the cells will be removed by the fluid shear 
forces before firm adhesion can occur. However, if the"mean retention 
time is greater than the stabilization time, firm adhesion will result. 
Since both these times will vary from cell to cell the separation 
between the two states will not be perfect; nevertheless, it is 
possible to determine a maximum fluid shear against which firm adhesion 
cannot take place. Because of the time-dependent nature of many 
adhesion processes this system submits the bacteria simultaneously to a 
continuous range of shear forces, so that the test surface develops a 
zone of microbial film where shear forces are low, and an uncolonized 
zone under higher shear stress. The fluid flow being restricted to the 
radial direction allows simple definition of the shear gradients across 
the test surfaces. 
In order to assess the primary attractive forces, a suspension of the 
cells is pumped to produce a decreasing velocity across the test 
surface. This flow results in decreasing hydrodynamic shear forces 
radially across the surface and attachment of cells will occur when the 
attractive forces exceed this surface shear stress. Alternatively, 
cells may be allowed to attach under static conditions when starting 
the flow across the surface causes detachment. The surface shear at 
the limit of this detachment indicates the strength of the adhesive 
bonds between the cells and the substratum. 
The 'RFGC' consists of two parallel discs (Figure 7.2), one of which is 
made from the test material, while the other (the back-plate) made from 
stainless steel, has a central inlet pipe. Both surfaces are separated 
by a narrow gap controlled by means of three spacers with triangular 
outline to minimize flow disturbance, positioned equi-distantly between 
the outlet pipes. Fluid is pumped through the inlet pipe and flows 
radially outwards between the discs, to be collected via a manifold 
feeding three equally-spaced outlet pipes. At constant flow, the 
laminar fluid velocity and hence the surface shear stress decreases 
radially from the centre, and the specific value at any particular 
distance from the centre is calculated as given below. 
In this system a fluid of viscosity )1 is pumped at a volumetric flow 
rate Q between parallel discs separated by a distance h. Spatial 
co-ordinates are r for radial positions and z for vertical positions 
between the discs (Figure 7.2(b)), the local velocity u at point r, z 
is then given by: - 
u[ 3Q ] [z z2J 
71 rh h1 h) 
From this, the mid-channel velocity u0 at r, 
uo 3Q 
4 rh 
The mean linear velocity ü at r is given by 
Q_ 
2Ti rh 
Equation 7.1 
z-h becomes, 
2 
Equation 7.2 
Equation 7.3 
Two Reynolds numbers may be defined. The overall channel Reynolds 
number, Re0, depends on the volume flow and the disc spacing: - 
Reo Q Equation 7.4 
hV 
Where ) is the kinematic viscosity of the medium. Of more relevance is 
the local Reynolds number, Rer, at r dependent on ü(r) and h: 
Rer =2hü Equation 7.5 
V 
which, substituting for Ti from equation 7.3, becomes: - 
Rer =Q Equation 7.6 
IT rV 
making Rer effectively dependent on r but not on h. The surface shear 
stress can finally be expressed as: - 
To 4p uo Equation 7.7 
h 
and substituting for u0 from equation 7.2, as: - 
io3Q ji Equation 7.8 
7T r h27 
Equations 7.3,7.6 and 7.8 show how the mean linear velocity, local 
Reynolds number and the surface shear stress all decrease with 
increasing radius. Flow will be turbulent at radii showing a local 
Reynolds number above 2000, and reverse transition to laminar flow will 
occur if the local Reynolds number falls below this figure within the 
flow system. For general use in bioadhesion studies the local Reynolds 
number is kept below 2000 at all values of the radius so that laminar 
flow can be assumed. A flow system of this configuration has been 
analysed (Moller, 1963) and shown to be valid over the conditions used 
for microbial adhesion studies (Fowler and McKay, 1980). An extensive 
theoretical analysis of these forces is given by Fryer et al. (1985). 
From Equation 7.8 it can be seen that by increasing the flow rate 
and/or by decreasing the distance of separation of the test and back 
plates, relatively high shear forces can be obtained with the 'RFGC' 
device. With a suitable flow rate, growth in the chamber results ina 
clear zone around the inlet with an attached microbial -film beyond. 
This 'critical radius' can be used to calculate the critical shear 
stress above which attachment or below which detachment occurs, and 
which is directly proportional to the strength of the adhesive forces 
between the bacterial cells and the substratum surface. 
7.2 MATERIALS AND METHODS 
7.2.1 Preparation of Samples 
(a) The organisms: The meat associated bacteria Acinetobacter, 
Enterobacter, Moraxella, Pseudomonas, and Staphylococcus, 
grown and harvested as described in Section 2.2.1 were used 
for analysis. Where appropriate these bacteria undertest 
were pre-treated with meat filtrates and detergent 'Titan 
Quatdet SU 321' according to the procedure detailed in 
Section 2.2.4. 
(b) The substrata: Polyethylene 'II', Polypropylene 'B', and 
stainless steel discs of diameter 100 mm with respective 
heights of 5 mm, 6 mm and 1 mm were used. Each disc was 
scrubbed and sonicated for 15 minutes in 5% (v/v) 'Decon 90', 
washed copiously and soaked for 1 hour in deionized water. 
The samples were then sonicated for 10 minutes in deionized 
water, removed wrapped in foil and packed in a plastic 
container before sterilization by dry-cycle autoclaving. 
When appropriate these chemically cleaned sterile discs were 
pre-treated with meat filtrates and 'Titan Quatdet SU 321' 
detergent in accordance with the procedure described in 
Section 2.2.5. 
I 1ý 
(c) 'RFGC': This device was cleaned by circulating 5% (v/v), 
'Decon 90' through the system for 10 minutes, followed by 
copious rinsing and recirculation of deionized water three 
times for periods of 15 minutes. Since all operations, were 
to be carried out under aseptic conditions, the complete 
'RFGC' and the connected fermenter unit (Pyrex) were 
sterilized by autoclaving. 
7.2.2 Cell Detachment Studies 
7.2.2.1 
Preparation of the biofilm: The harvested bacterial cells were 
resuspended in phosphate buffer to obtain a cell concentration of 1.0 - 
1.3 x 109 organisms ml-1.50 ml portions of these bacterial 
suspensions were placed in polystyrene petri-dishes each containing a 
disc of the substratum under test. After an 18 hour attachment period, 
under static conditions at 20°C, the discs were removed and rinsed 
three times in phosphate buffer to remove any non-adherent cells. The 
discs were then loaded into the radial flow chamber. 
7.2.2.2 Detachment using the 'RFGC' 
The adherent bacterial population was detached by passing 21 of 
sterile phosphate buffer over the surface plates for a period of 2 
hours at 20°C. Flow rates ranging from 0.5 to 3.0 1 minute-1 were 
applied and two separation distances, 1.0 mm and 0.3 mm, between the 
plates were employed; the latter was used to increase the fluid shear 
forces being applied at the test surfaces for the same flow rate. 
The temperature of the buffer was monitored throughout and the values 
at the start and end of the experiment recorded. This was done to 
ensure that the temperature fluctuations were not extensive enough to 
alter the viscosity of the fluid which would ultimately affect the 
shear forces generated. 
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7.2.2.3 Assessment of detachment levels 
After the 2 hours detachment period the plates were removed from the 
'RFGC' and washed twice in deionized water to remove any non-adherent 
bacteria. The discs were then fixed in 10% (v/v) formalin in saline 
for 10 minutes, rinsed twice in deionized water and stained with 2N 
carbol fuchsin for 10 minutes. After staining the plates were washed 
twice with deionized water to remove excess stain and dried before 
microscopical examination using reflected light microscopy and x 1000 
magnification, in conjunction with the Artek Image analyser. . 
Cell densities at various radii from the centre of each disc were 
counted, six readings being taken every 0.2 mm along the radius in the 
four quadrants of the disc and the average value for each radius 
recorded. The size of the clearance zone was determined from a 
graphical plot of radius versus the number of bacteria still adhered 
mm 
2 
of substratum. The actual shear forces which detached the 
organism at 20°C (+ 1°C) were determined using the equation 
(equation 7.8): 
To =3Qu 
7tý 
Where, Q is the fluid volumetric flow rate (m3sýl) 
)i is the viscosity (Ns-1m 
2) 
r is the radial distance from plate centre (m) 
h is the distance between the plates (m) 
TO is the shear stress (Nm 
2) 
For typical experimental conditions employed with the radial flow 
chamber refer to Table 7.1. 
7.2.3 Cell Attachment Studies 
Harvested bacterial cells were resuspended in phosphate buffer to 
obtain a cell concentration of 1.2 - 1.7 x 109 organisms ml-1.2 1 
volumes of this suspension were placed in a glass fermenter (used as a 
reservoir) connected to the 'RFGC', and were continuously stirred and 
aerated for the duration of the experiment. A disc of the material 
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under test was loaded into the 'RFGC', and the effect of surface shear 
stress on cell attachment at 20°C was studied by recirculating the cell 
suspension through the system for 4 hours at a flow rate of 2.9 1 
min-1. At the end of this period, the plates were removed, rinsed in 
deionized water, fixed in formalin, stained, and examined as described 
in Section 7.2.2.3. As in the detachment studies, the temperature of 
the suspension was continuously monitored and recorded. 
7.2.4 Conditions for Attachment 
The bacteria were compared in terms of their adhesive strength to 
different substrata under the following conditions: - 
7.2.4.1 
Attachment of untreated bacteria (Section 2.2.1) to a range of clean 
substrata (Section 2.2.2) to determine the effects of organism and 
substratum properties on strength of adhesion. 
7.2.4.2 
Attachment of untreated (Section 2.2.1) and meat-filtrate treated 
(Section 2.2.4) bacteria to clean (Section 2.2.2) and meat-filtrate 
treated (Section 2.2.5) substrata to determine the influence of 
process-line constituents on strength of adhesion. 
7.2.4.3 
Attachment of untreated (Section 2.2.1) and 'Titan Quatdet SU 321' 
treated (Section 2.2.4) organisms to clean (Section 2.2.2. ) and 'Titan 
Quatdet SU 321' treated (Section 2.2.5) surfaces to determine the 
influence of the detergent on the strength of adhesion 
7.3 RESULTS 
The forces required to prevent attachment and achieve detachment, both 
of which are involved in the primary and secondary processes of 
adhesion leading to formation of biofilms on opaque solid surfaces, 
were investigated using the 'RFGC'. 
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From the results given in Table 7.2 and Figures 7.3(a) and 7.4, the 
attachment behaviour of bacteria under flowing conditions appears to be 
highly dependent on the shear stress and nature of the substratum. The 
highest numbers of attached bacteria were found on the periphery of the 
test plates where the shear stress was the lowest. The numbers 
decreased rapidly as the shear stress increased up to a critical value 
above which none or insignificant numbers adhered. The result, as 
shown in Figure 7.5(a), is a rather irregular ring of cells on the test 
surface with a clear central zone. The radius of this zone 
(Figure 7.3(b)) is inversely proportional to the surface shear forces 
applied (as shown by equation 7.8) and gives an indication of the 
cell-substratum adhesive forces. No such -zone, however, was evident 
for the stainless steel plates (Figure 7.5(b)) under the specific 
conditions applied. 
The results for detachment experiments, involving exposure of the test 
plates to a batch suspension of bacteria to enable adhesion under 
static conditions (Figure 7.6) and then removal of this biofilm by 
recirculation of sterile phosphate buffer over the plates in the 'RFGC' 
are given in Table 7.3 and Figure 7.7 and 7.8. The profiles of cell 
numbers remaining attached as a function of shear stress were very 
similar to those found for attachment, with one distinct difference; 
the critical shear stress, above which very few organisms remained 
attached (Table 7.3), was higher than that observed for attachment 
(Table 7.2), especially for the plastic substrata (Figure 7.3(c)). 
As seen from Figures 7.5 and 7.8(b) there appear to be many cells 
remaining attached or attaching directly opposite to the fluid inlet, 
presumably, reflecting low shear stress adjacent to a stagnation point. 
Passing outwards from the centre of the plate (Figure 7.9(a)) the cell 
densities fall, but in each case an isolated region of high cell 
density was observed between a radius of 3.0 - 5.0 mm (Figures 7.9(a) 
and 7.10). Such a region is a feature of developing boundary layers in 
diverging flows (Fryer et al., 1985). This effect, although not 
predicted by equation 7.8 used for calculating the shear stress, is 
attributable to the influence of inertial forces for high- fluid 
velocities at low radius. It was essential that this effect 
be 
minimized, and this was achieved by reducing the disc spacing from 
1.0 mm to 0.3 nom (Figure 7.9 (b)). 
3U4 
From the results obtained (Table 7.2), after making allowances for the 
entry effects, it appears that Pseudomonas was able to adhere to 
stainless steel surfaces under very high shear forces since no critical 
zone of clearance was obtained for the stainless steel test plates 
under the range of shear forces applied (6.0 - 670.8 Nm 
2). 
Pre-treatment of these plates with meat-filtrates or detergent appeared 
to have very little effect on the adhesion capacity of the organism to 
such substrata. I 
In contrast, high shear forces near the inlet appear to prevent 
attachment in the case of the plastic substrata (Figure 7.5(a)) and 
adhesion occurs only after a critical radius of 26 mm corresponding to 
surface shear forces of 7.3 and 13.4 Nm 
2 for polypropylene 'B' and 
polyethylene 'II' respectively'. Treatment of the plastic test plates 
with meat-filtrates prior to cell attachment appears to have little 
effect on the polypropylene 'B' but increases the ability of the 
bacterium to adhere under higher shear forces to polyethylene 'II' 
indicating an increased attraction between the bacterium and the 
substrata. Detergent treatment, "although having little effect on the 
shear forces under which Pseudomonas will adhere to stainless steel or 
polypropylene 'B', appears to increase the shear forces under which 
this bacterium is able to adhere to polyethylene 'II' (Table 7.2). 
When considering detachment (Table 7.3), the shear forces required for 
removal of biofilms appear to be dependent upon the type of organism 
(Figure 7.11) involved, the substrata (Figure 7.12) and the 
pre-treatment (Figure 7.13). Pseudomonas and Staphylococcus cells were 
easily removed from polypropylene 'B' substrata by shear forces as low 
as 9.0 Nm -2 less readily from stainless steel, and high shear forces 
(> 670.8 Nm 2) were required for removal of these organisms from 
polyethylene 'II'. In contrast, for the organisms Acinetobacter, 
Enterobacter and Moraxella the shear forces required for removal from 
different surfaces increased in the order polypropylene 'B' < 
polyethylene 'II' < stainless steel. In general, (Table 7.3 and Figure 
7.13) treatment of these organisms and/or the corresponding substrata 
appeared to increase the forces required for detachment thereby 
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indicating firmer adhesion of these cells to pre-treated substrata, the 
exception to this was polyethylene 'II' substrata where pre-treatment 
appeared to decrease or have no effect on the forces of secondary 
attachment (Figure 7.13). 
Detergent treatment of the surfaces prior to biofilm formation under 
static conditions (Tables 7.3) appeared to increase the ease with which 
the bacteria could be removed; indicative of- weaker adhesion between 
the cells and detergent treated substrata. However, the exceptions to 
this were Pseudomonas and Staphylococcus adhering to stainless steel 
substrata; where the detergent treatment appears to increase the forces 
of adhesion between the bacteria and stainless steel since greater 
shear forces were required for removal of such biofilms. 
7.4 DISCUSSION AND CONCLUSIONS 
The radial flow chamber when combined with reflected light microscopy 
proved a useful apparatus for the investigation of both primary and 
secondary adhesive events leading to the formation of biofilms. 
Although, it has many advantages over other methods, as reviewed by 
Fowler and McKay (1980), the assumption of creeping laminar flow used 
to describe the shear stress distribution within the 'Radial Flow 
Chamber' appears not to be valid at low radii, and problems due to 
inertial forces arise producing turbulent effects near the inlet pipe. 
To enable accurate predictions of shear stress and valid use of 
equation 7.8, the flow in the inlet pipe had to be laminar and the 
turbulence minimized. This was achieved by reducing the separation 
space between the test and the back plate, and by using lower flow 
rates. The theoretical basis for this modification has already been 
discussed extensively by Fryer et al., (1985) who found similar 
turbulent effects at low radii. 
According to Kern and Seaton (1959) the rate of accumulation of any 
bacterium at a surface from a flowing fluid can be described as the 
difference between the rate of deposition and the rate of removal, 
assumed to be largely due to shear forces. A similar analysis by 
Watkinson (1968) considers the deposition rate to be composed of a 
particle flux to the substratum and a 'sticking probability', arising 
I 
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from the assumption that a particle reaching a surface will only stick 
to it if the particle-surface adhesive force is greater than the drag 
force (shear stress) exerted by the fluid on the particle as it reaches 
the substratum. Thus in the 'Radial Flow Growth Chamber' the bacteria 
will only stick when the adhesive forces are greater than the shear 
forces. In the attachment experiments, the highest numbers of bacteria 
were counted on the periphery of the test plate, corresponding to areas 
where the particle surface adhesive forces are greater than the drag 
force exerted by the fluid. Conversely, the central clearance zone 
represents the area where the shear forces far exceed the initial 
forces of attraction, thereby preventing adhesion. Consequently, the 
radius of this clearance zone, known as the 'critical radius', gives an 
indirect measure of the primary forces of attraction 'between the 
bacteria and the substratum. In contrast, for detachment the clearance 
zones represent areas where the surface shear forces are strong enough 
to remove adhered bacteria, that is, where the surface shear forces 
exceed the forces of secondary bacterial stabilization (Fowler and 
McKay, 1980). 
It has been shown by Marshall et al., (1971) that cell adhesion is a 
time-dependent, two-stage process: a 'reversible' stage during which 
the organisms are easily removed, for example by washing, followed by 
an 'irreversible' stage during which firm adhesion occurs. It is 
possible that the critical surface shear stress (6.8 - 13.4 Nm 
2) 
necessary to prevent extensive attachment under flowing conditions may 
be a measure of the maximum initial adhesion of bacteria in the 
'reversible' stage, whereas the higher shear stress (6.8 - 40.0 Nm 
2) 
necessary to remove` the majority of cells attached under static 
conditions may well represent the adhesive strength between the 
bacteria, the substratum and, in some cases, a polymeric adhesive; 
corresponding to the 'irreversibe' stage of adhesion (Duddridge et al., 
1982). 
The surface shear forces which enable adhesion of Pseudomonas cells to 
plastic substrata were found to be much lower than those required to 
remove such a layer of cells formed under static conditions. This is 
in agreement with the results of Duddridge et al., (1982) for 
Pseudomonas adhering to stainless steel and suggests that firm adhesion 
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is a time-dependent process. However, in the present study Pseudomonas 
adhering to stainless steel produced the exact reverse results, 
suggesting, incorrectly, that somehow the forces of initial attraction 
were much greater than the secondary forces of stabilization. These 
results however are not altogether surprising since there is no reason 
to expect cell attachment and cell detachment to occur at exactly the 
same site. For instance if the forces of the attachment bonds exceed 
the forces within the cell surface, separation must occur within the 
cell surface and not across the bond of attachment (Weiss, 1967). 
The absolute values for shear stress under which Pseudomonas attached 
to (Table 7.2) or detached from (Table 7.3) stainless steel were much 
higher than those reported by Duddridge et al., (1982), whereas, 
surface shear forces required for the removal of staphylococcal cells 
from stainless steel surfaces (Table 7.3) were found to be relatively 
lower than those reported by Fowler and McKay (1980). These 
variations, resulting from the use of different quality substratum 
materials as well as different species of bacteria, highlight the 
importance of organism and substratum characteristics in adhesion. For 
this reason it was necessary to consider the adhesive strength of 
bacteria in terms of surface properties such as, wettability, charge 
and roughness. 
The results show that as the hydrophobicity (measured by 
n-octane-droplet contact angles in Section 4.2.2) of the substratum 
increases, the forces of attachment decrease. Similar results have 
been reported for diatom adhesion (Harper and Harper, 1967). It is 
probable that for both hydrophilic and hydrophobic surfaces the initial 
interaction between the bacteria and the substrata is dominated by 
physicochemical forces. Such forces tend to immobilize the cell at a 
short separation gap position. It has been suggested (Rutter and 
Leech, 1980) that in order for firm attachment to occur, the cells must 
be captured in these primary or secondary minima long enough for a link 
to be made between the two contacting surfaces, for example by polymer 
bridging. The long hydrophilic extensions of bacterial cells in the 
form of glycocalyx fibres (Costerton et al., 1981) may bridge the 
intervening space between the bacteria and hydrophilic surfaces; 
allowing attractive forces such as hydrogen-bonding and ion pair 
308 
formation to initiate firm adhesion (Marshall, 1980). Formation of 
large numbers of such attachment bonds would result 'instantaneously' 
in firm 'irreversible' adhesion (Robb, 1984). A type of instantaneous 
'irreversible' adhesion has been reported for bacteria adhering to ion 
exchange resins (Wood, 1980), starch grains (Minato and Suto, 1976), 
Pork skin (Butler et'al., 1979) and meat surfaces (Kriaa et al., 1985). 
It is possible that the glycocalyx fibres being essentially hydrophilic 
(Sutherland, 1977) interfere with the -adhesion of bacteria to 
hydrophobic surfaces (Hogt et al., 1982). In such cases fewer adhesive 
bonds would be formed resulting in weaker adhesion. 
A number of Acinetobacter and Moraxella colonies isolated in the 
initial surface sampling session (Section 3.3) were found to be very 
mucoid and suggest the production of an extracellular polymer. Thus an 
alternative explanation is that polymeric exudates are produced in both 
cases to increase the strength of attachment but that their nature and 
time of production differ. Hydrated polymers (Geesey, 1982) required 
for hydrophilic surfaces are probably produced while the cells are 
freely in suspension. On contact these polymeric exudates spread over 
the hydrophilic surface thereby increasing the area of contact between 
the cell and the substratum and resulting in firm adhesion. ' However, 
there was no evidence of such polymer production from SEM 
photomicrographs (Plate 3.15). This is not totally unexpected since 
hydrated polymers are often lost during preparation for SEM 
examination. In contrast, for hydrophobic surfaces the adhesin is most 
probably produced once contact with the substratum has been 
established, as shown by Gibbons and van Houte (1975) for Streptococcus 
mutans. Evidence for polymer production at such surfaces has been 
obtained from SEM photomicrographs (Section 3.3.3), where extracellular 
material was observed between the bacterial cells and the hydrophobic 
plastics. Additional support for polymer production is provided by 
Fletcher (1980b) working with metabolic inhibitors, who has shown that 
energy is required for the attachment of bacteria to hydrophobic 
surfaces. Further, hydrophobic adhesins have been found recently 
(Adams et al., 1983; Jiwa and Mansson, 1983; Parker and Munn, 1984) to 
be involved in bacterial attachment to surfaces. 
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It appears that when the retention time of any bacterium in close 
proximity to a substratum is greater than it's biological adhesion 
stabilization time (ie time required for firm adhesion)then firm 
adhesion results. This appears to be the case for the stainless steel 
substrata and suggests that structural and metabolic changes in the 
bacteria necessary to secure the cells at hydrophilic surfaces occur 
rapidly. However, for hydrophobic surfaces such changes appear to be 
time dependent and the cells are swept away before firm adhesion is 
established due to the stabilization time being greater than the 
average cellular retention time. 
From the above suggestion it would appear that in the absence of shear 
forces the increase in contact time between the bacteria and the 
hydrophobic substrata would result in an increase in adhesive strength. 
The data obtained from the detachment studies where adhesion was 
allowed to proceed under static conditions (Table 7.3) has shown this 
to be the case. Production of polymeric exudates when the bacteria are 
metabolically active (up to 4-5 hours after suspension in phosphate 
buffer (Novitsky and Morita, 1976,1977,1978; Dawson et al., 1981; 
Kjelleberg 1982) could account for the increase in adhesive strength 
with time (Marshall et al., 1971); as reported for attachment of 
bacteria to cow teats (Firstenberg-Eden 1981). 
The relationship between wettability and adhesiveness was consistent 
for all the bacteria adhering to a single substratum (Table 7.3), both 
prior to (Figure 7.11) and following (Figure 7.13) meat-liquor 
treatment of either or both contacting surfaces, and for Acinetobacter, 
Enterobacter and Moraxella adhering to the range of clean substrata 
tested. However, Pseudomonas and Staphylococcus showed no such 
correlation. No simple explanation can be found for this observation 
since for these organisms variations in surface charge, wettability, 
shape, size, and nature, conformation and distribution of cell 
components appear to have no effect on the strength of cell-substratum 
linkages. 
When the adhesive strengths of the range 
steel, polyethylene 'II' and polypropylene 
of bacteria to stainless 
'B' (before and after 
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meat-liquor treatment (Table 7.3)) were ranked in order, and the 
ranking compared with the corresponding order of surface properties 
(Section 4.3) no overall pattern emerged. This again highlighted the 
importance of individual characteristics of the bacteria and the 
substrata, and their immediate environment, especially since treatment 
of the substratum and/or organism with meat-liquors increased the 
strength of adhesion. Differences in the configuration and 
distribution of the conditioning films as dictated by the original 
surface properties of the substrata, probably influenced the ultimate 
strength of adhesion to pre-treated surfaces (Fletcher and Loeb, 1976; 
Baier, 1980). This again suggested that although each bacterial 
species was able to adhere to all the substrata under the range of 
conditions applied, the mode of attachment in each case may well have 
been different (Ofek et al., 1977; Fletcher, 1980b; Notermans and 
Kampelmacher, 1983). For example, involving either polymer production 
(Fletcher and Floodgate, 1973; Costerton et al., 1978; Rutter and 
Abbott, 1978), ionic or hydrogen-bonding (Pethica, 1980), electrostatic 
forces (Nir 1977; Marshall, 1976; Gingell and Vince, 1980; Rutter and 
Vincet, 1980) hydrophobic interactions (Marshall and Cruickshank 1973; 
Pethica, 1980; Gerson and Scheer, 1980; Dahlback et al., 1981; 
Hermansson et al., 1982; Hogt et al., 1982; Rosenberg et al., 1983b; 
Beighton, 1984; Fattom and Shilo, 1984), or calcium bridges (Rolla, 
1976). 
Consideration of all the different parameters together showed no 
specific trends. However, when the effects of substratum properties 
were restricted, that is, when adhesion patterns of the organisms at a 
single substratum were considered (Figure 7.11) positive correlation 
was obtained between organism wettability (Section 4.3.3) and the 
forces of adhesion (Table 7.3). It appears that the more hydrophilic 
the organism before and after meat-liquor treatment) the greater its 
adhesive strength at the hydrophilic (stainless steel) surfaces, and 
conversely, the more hydrophobic the organism the greater its strength 
of adhesion at hydrophobic (plastic) surfaces. The only exception to 
this was Acinetobacter, where the more hydrophilic the bacterial cells, 
the greater their adhesion at hydrophobic surfaces; as predicted by 
Rutter and Vincent (1980). Displacment of water molecules from the 
interaction zone as the hydrophilic bacteria approach the microscopic 
surface will result in stronger adhesive forces at hydrophobic surfaces 
than at hydrophilic surfaces. The increased adhesive strength observed 
between two hydrophobic surfaces can be explained in similar terms. 
The structure of water in the region near any surface is perturbed over 
distances of may be up to several tens of molecular layers. Near a 
so-called hydrophobic surface the water is less structured in terms of 
intermolecular hydrogen bonding between the water molecules, 'whilst 
near a hydrophilic surface water is more structured. If two similar 
surfaces come together such that the two perturbed water layers 
overlap, then there must be a displacement of perturbed water molecules 
into bulk water. For two hydrophobic surfaces this results in an extra 
attractive force (Rutter and Vincent, 1980,1988). The. same argument, 
however, cannot be applied to the strong adhesion observed between the 
two hydrophilic surfaces since displacement of 'interfacial water' in 
such cases results in an extra repulsive force. In the latter 
situation, where the net physical attraction energy is reduced, polymer 
bridging may well play a dominant role (Tosteson and Corpe, 1975). 
Although wettability plays a distinct role in adhesive strength, the 
effects of surface charge appears limited. If deposition of cells at 
an attachment surface was controlled solely by the physicochemical 
parameters described by the DLVO theory of colloid stability 
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948), then surface 
charge would probably plays a role in defining the initial attractive 
forces between the cells and the substratum, which maintain the cell in 
close proximity of the surface until firm adhesion occurs by some other 
means, for example, polymer production. 
Motility may also play a role in the initial stages of adhesion since 
it increases the collision probability factor. However, no evidence 
for this was obtained. It is likely that the fluid velocity of the 
liquid crossing over the surface was too high and counter-acted any 
increases in contact between the motile cells and the substratum. As 
found by Stanley (1983) who showed that agitation of non-motile cells 
did not increase attachment even though agitation should have increased 
the force and frequency of collisions between the cells and the 
substratum (Fletcher, 1979). In addition Farber and Idziak (1982) found 
that non-motile cells adhere with greater strength than motile cells. 
In general it is inaccurate to determine the influence of motility by 
comparing the adhesion capacities of a range of motile and non-motile 
bacteria, since individual characteristics of the bacterial strains 
appear to play a dominant role. The observations of Farber and Idziak 
(1982) are unlikely to be related to cell motility, but must be 
attributed to other characteristics peculiar to the particular 
organisms investigated, for example, surface physicochemistry, 
physiological activity and polymer production. The overall results 
suggest that as surface shear stress was increased, the increased rate 
of transport of bacteria to the test plate surface no longer balanced 
the combined effects of higher removal rates and lower adhesion of the 
organisms. Similar trends have been observed by Bryers and Characklis 
(1979) and Duddridge et al., (1982), where the rate of biofilm 
formation was found to decrease with increasing fluid velocity. 
It was expected that for the plastics, where the surfaces were rougher 
(Table 4.6), more organisms would have been retained and protected in 
the crevices, however, this appears not to have been the case. In 
addition, surface roughness, at least on the scale observed here, 
seemed not to have an affect on the strength of bacterial adhesion; a 
result in contrast to those of Fowler and McKay (1980). 
Experiments involving detergent treated substrata have shown both 
surface charge and wettability playing an important role in the 
adhesion of bacteria to such surfaces. The detergent 'Titan Quatdet 
SU 321', lowers the surface charge of the substratum (Table 4.2), 
thereby giving rise to low repulsive energies which in turn can be 
overcome more easily, leading to a greater number of collisions 
resulting in successful adhesion. However, this detergent also 
facilitates cell removal: either by disrupting the cell wall (as 
evident from scanning electron micrographs in Section 3.3.3) and 
causing leakage of the cell content or by affecting the stability of a 
possible polymeric exudate (Fletcher and Floodgate, 1976; Rutter, 1980) 
as' discussed in Section 6.4 
The ease of cell removal before and after detergent treatment appears 
to be related to the initial wettability of the substratum (Table 4.3); 
the greater the hydrophobicity of the substratum, the easier the 
removal. Consequently, low shear forces are able to remove the cells 
more readily from- detergent treated plastic surfaces than from 
corresponding stainless steel surfaces. It is possible that following 
removal of bacteria, the substratum may have been rendered more 
favourable for subsequent adhesion by the adsorption of bacterial 
proteins, ` lipids, etc., 'leaked' from the damaged cells, especially 
since such polymers have frequently been shown (Harris and Mitchell, 
1973) to play a significant role in cell-cell interactions. Although 
'Titan Quatdet SU 321' may be effective in removing the initial soiling 
it may then encourage further biofilm formation, since it lowers the 
negative surface charge of the substratum and increases the opportunity 
for attachment. In addition, when only the bacteria were detergent 
treated, strong 'irreversible' adhesion was observed in all cases. 
This suggests that once the bacteria are inactivated by the detergent, 
for example by distortion or disruption of the cell wall (Plate 3.19) 
they may behave as inert colloids and their adhesion may then be 
explained in terms of the attractive and repulsive interactions 
described by the DLVO theory. For example, Titan Quatdet SU 321' binds 
to the negatively charged sites on the cell wall and lowers its overall 
negativity. The treated bacteria when approaching the negatively 
charged stainless steel and plastic surfaces are likely to give rise to 
low repulsive energies (Corpe, 1970a; Neihof and Loeb, 1972). These in 
turn can be more readily overcome thereby providing an increased 
opportunity for attachment. However, the DLVO theory alone cannot 
provide the full explanation since this detergent, by binding to the 
negatively charged sites on the cell surface, interferes with cell wall 
integrity; a parameter shown (Meadows, 1971; Takakuwa et al., 1979; 
Fletcher, 1980a, b) to have an adverse effect on cellular adhesion. 
These results suggest that additional research is needed to determine 
what happens to substratum surface properties after the adhered 
population has been removed by detergent cleansing and whether the 
residual amounts of detergent have any affect in preventing further 
contamination or whether the modification by the 'leaked' cell content 
is sufficient to enable strong cell adhesion and/or encourage biofilm 
formation. 
In summary, the data supports some models of bacterial adhesion better 
than others. The rapid initial attachment suggests that bacteria can 
act as 'sticky' colloidal particles and that in some cases polymer 
synthesis is not necessary for firm 'irreversible' adhesion. However, 
bacteria cannot always be considered as completely inert colloids with 
sticking ability merely in terms of their physicochemical attraction; 
in many cases the observed effects and trends between wettability, 
surface charge and adhesive strength can only be explained in terms of 
the amounts and types of extracellular polymeric materials produced by 
the organism. The results of this study* in part conform to the 
predictions of Rutter and Vincent (1980,1984) that hydrophilic 
organisms adhere more strongly to,, hydrophobic than to hydrophilic 
surfaces, and that hydrophobic organisms adhere strongly to hydrophobic 
substrata. This prediction is however at variance with the findings of 
Speer and Gilmour (1985). The present study and a number of others 
(Nordin et al., 1967; Fowler and McKay, 1980; Rutter and Leech, 1980; 
Duddridge et al., 1982; Powell and Slater, 1983) have shown that 
surface properties of the substratum and those of the bacteria play a 
combined role in defining the forces of adhesion, and need careful 
monitoring if control of biofilm formation is to be achieved. 
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Table 7.1' 
Typical experimental conditions employed with the radial flow cell 
Test Q (m3s 1) ja (Ns-lm2) rx10-3(m) hx10-3(m) T, (Nm 
2) 
Detachment of different 
bacteria from untreated 
stainless steel surface 
Acinetobacter 4.17x10 5 7.58x10 4 10.0 0.3 33.5. 
Enterobacter 4.17x10 5 7.59x10 4 9.5 0.3 35.3 
Moraxella 4.17x10-5 7.48x10-4 11.5 0.3 29.2 
Pseudomonas 4.17x10 5 7.58x10 4 13.0 0.3 25.8 
Staphylococcus 4.17x10-5 7.60x10-4 10.0 0.3 33.5 
Attachment of 
Pseudomonas to clean 4.17x10-5 7.58x10 4N0.3 >670.8 
stainless steel surface 
where 0= fluid volumetric flow rate 
p- viscosity 
r- radial distance from plate centre 
h- distance between the plates 
To . surface shear stress 
N- no clearance zone 
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Table 7.2 
Attachment studies with Pseudo®onas under defined conditions. 
Bacterial cells adhered by recirculating phosphate buffer suspensions 
through the radial flow cell at a flow rate of 2.5 I/bin for 4h at 20°C. 
Treatment of Surface shear stress (Nm 
2) 
required to 
contacting prevent cell attachment - 
surfaces 
Stainless steel Polypropylene 'B' Polyethylene 'II' 
Untreated No clearance zone 
Beef treated bacteria No clearance zone 
Beef treated surface No clearance zone 
Beef treated surface No clearance zone 
and bacteria 
Pork treated surface No clearance zone 
Bacon treated surface No clearance zone 
Detergent treated No clearance zone 
bacteria 
Detergent treated No clearance zone 
surface 
Detergent treated No clearance zone 
surface & bacteria 
7.3 
- No clearance zone 
7.8 18.4 
7.8 22.4 
6.9 18.0 
6.8 17.5 
6.8 - 
8.0 - 
8.0 No clearance zone 
13.4 
No clearance zone - >670.8 Nm 
2 
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Table 7.3 
Detachment studies of different bacteria under defined conditions. The biofilzne initially formed, 
from phosphate buffer suspensions for 18 h at 20°C under static conditioner were removed by 
recirculation of sterile phosphate buffer at flow rates of 2.5 1 min-1 in the radial flow cell for 2h 
Surface shear stresses (Nm 
2) 
required 
Treatment to remove attached cells 
(+ 0.5% error) 
Peeudomonas Staphylococcus Aclnetobacter Morexella Enterobacter 
SS PP FE SS PP PE SS PP FE SS PP PE SS PP PE 
Untreated 25.8 9.6 N 33.5 8.8 N *33.5 7.5 11.2 29.2 8.4 15.2 35.3 25.8 28.0" 
Beef treated 35.3 9.1 8.8 37.3 7.5 10.8 37.3 7.6 8.0 
bacteria i 
Beef treated 
33.5 NNNN9.9 NNN 
substrata 
Beef treated 
both bacteria N 7.3 8.0 N 7.6 12.0 N 16.8 22.4 NN 
and substrata 
Pork treated 33.5 25.8 N 12.9 NN 
bacteria 
Pork treated 29.1 28.0 25.8 - 24.0 25.8 -N 
substrata 
Pork treated 
both bacteria 7.8 25.8 N 8.2 30.5 14.6 28.0 8.2 
and substrata 
Bacon treated 9.1 9.6 22.4 9.9 15.2 39.5 10.5 9.1 
bacteria 
Bacon treated NNN 10.8 16.8 9.3 N 15.2 41.9 
substrata 
Bacon treated 
both bacteria 15.2 17.7 NN6.8 8.2 30.5 7.5 N 
and substrata 
Detergent treated NNNNNNNNNNNNNNN 
bacteria 
Detergent treated 39.5 9.3 7.0 37.3 9.6 33.5 25.8 6.8 N 30.5 7.0 N 25.8 9.1 30.0 
substrata 
Detergent treated 
both bacteria N 7.0 7.6 N 6.8 8.4 30.5 6.7 8.4 33.5 7.1 7.9 25.0 8.0 9.1 
and substrata 
where N- No zone of clearance (>670.8 Nm 
2) 
SS - Stainless steel substrata -- Not determined 
PP . Polypropylene 'B' substrata PE . Polyethelene '11' substrata 
318 
FIGURE 7.1 Diagramatic representation of the radial flow unit 
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FIGURE 7.2 Diagram showing the flow profile 
between parallel discs 
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FIGURE 7.4 
Photograph of a stained "RFGC" plate showing the 
attachment of Pseudomonas after 4 hours at 20°C to 
different substrata under defined conditions ;a 
disc spacing of 0.3 mm and a phosphate buffer 
suspension of cells at a flow rate of 2.5 I/min 
were employed. 
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FIGURE 74 
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FIGURE 7.5 
Photograph of a stained "RFGC" plate showing the 
attachment of Pseudomonas after 4 hours at 20°C to 
clean substrata under a range of shear stress ;a 
disc spacing of 0.3 mm and a phosphate buffer 
suspension of cells at a flow rate of 2.5 I/min 
were employed. 
(a) polypropylene "B" 
(b) stainless steel 
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FIGURE 7.5 
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FIGURE 7.6 
Photograph of a stained "RFGC" plate showing a 
biofilm of Pseudomonas formed on clean stainless 
steel after 18 hours at 20°C under static 
conditions. This represents the control for the 
detachment experimentation. 
FIGURE 7.7 
Photograph of a typical stainless steel test plate 
showing the removal of Pseudomonas from a clean 
substratum using phosphate buffer at a flow rate of 
3.0 I/min with a spacing of 1 mm. 
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FIGURE 7.6 
FIGURE 7.7 
FIGURE 7.8 
Photograph of a stained "RFGC" plate showing the 
removal of Pseudomonas from clean subatrata. A 
biofilm initially formed from a phosphate buffer 
suspension for 18 hours at 20°C under static 
conditions, was removed using a 0.3 mm disc spacing 
and sterile buffer at a flow velocity of 2.5 I/min 
for 2 hours. 
(a) detachment from polypropylene "B" 
(b) detachment from stainless steel 
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FIGURE 7.9 
Effects of inertial forces near the inlet pipe on 
the detachment patterns of Pseudomonas .A biofilm 
initially formed from a phosphate buffer suspension 
for 18 hours at 20°C under static conditions, was 
removed using a 0.3 mm disc spacing and sterile 
buffer at a flow velocity of 2.5 I/min for 2 hours. 
(A) a stained "RFGC" plate showing an anomalous 
region when a1 mm spacing and a flow rate of 3.0 
1/min was employed. 
(B) a stained "RFGC" plate showing the elimination 
of the anomalous region by reducing the spacing to 
0.3 mm and the flow rate to 2.5 I/min. 
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FIGURE 7.9 
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FIGURE 7.11 
Photographs of stained "RFGC" plates showing the 
removal patterns of Pseudomonas from clean (A) 
polypropylene "B", (B) polyethylene "ll", and (C) (PAGE 338) 
stainless steel subatrata. A biofilm initially 
formed from a phosphate buffer suspension for 18 
hours at 20°C under static conditions, was removed 
using a 0.3 mm disc spacing and sterile buffer at a 
flow velocity of 2.5 I/min for 2 hours. 
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FIGURE 7.11 
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FIGURE 7.12 
Photographs of stained "RFGC" plates showing the 
removal patterns of Pseudomonas from different 
clean substrata. A biofilm initially formed from a 
phosphate buffer suspension for 18 hours at 20°C 
under static conditions, was removed using a 0.3 mm 
disc spacing and sterile buffer at a flow velocity 
of 2.5 I/min for 2 hours. 
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FIGURE 7.11 
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FIGURE 7.13 
Effects of different meat-liqour treatment on the 
detachment patterns of Pseudomonas. A biofilm 
initially formed from a phosphate buffer suspension 
for 18 hours at 20°C under static conditions, was 
removed using a 0.3 mm disc spacing and sterile 
buffer at a flow velocity of 2.5 I/min for 2 hours. 
(A) detachment from polyethylene "II" 
(B) detachment from stainless steel. 
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FIGURE 7.13 
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CHAPTER 8 
I 
DISCUSSION AND CONCLUSIONS 
Under the aerobic and high humidity conditions normally prevailing in 
the meat industry, low temperatures (<10°C) are the only practicable 
means of controlling microbial growth (Frazier and Westhoff, 1978; 
Smith, 1985). However, at these low temperatures the cold-tolerant 
psychrotrophs can proliferate (Ingram and Stokes, 1959) and 
subsequently cause spoilage (Jay, 1972; Patterson and Gibbs, 1978). 
Although many species of psychrotrophic bacteria have been isolated 
from meat, relatively few are found as major components of the 
chill-temperature spoilage flora. Strains of Pseudomonas, Moraxella, 
Acinetobacter, Lactobacillus, Brochothrix thermosphacta and certain 
genera of the family Enterobacteriaceae are the most common types (Gill 
and Newton, 1977; Gill, 1982; Dainty et al., 1983). 
Microbial growth during chill-storage (-1 to +5°C) is largely a surface 
phenomenon (Moran, 1935; Dainty et al., 1975; Gill, 1982), and under 
aerobic conditions there is no obvious change in the meat until the 
bacterial cell density exceeds 108 cells cm 
2, 
when discoloration of 
the surface occurs by the formation of metamyoglobins and off-odours 
are detected resulting from the breakdown of amino acids. (Jay, 1972; 
Dainty et al, 1983). Since spoilage appears directly related to cell 
concentration (Section 1.2), how quickly it occurs during storage will 
depend on the bacterial load of the product prior to packaging. This 
load is determined by the nature and level of contamination received 
during slaughter and dressing, and the extent to which it changes 
during processing (Ayres et al., 1980; Nottingham, 1982; Thomas and 
McMeekin, 1980). 
Clean meat cannot be obtained from dirty animals, thus the state of the 
animal at slaughter is important. The cleanliness of livestock will 
depend on a number of factors including location of the farm, method of 
transport and holding conditions at the slaughter-house (Frazier and 
Westhoff, 1979; Nottingham, 1982). In practice it is better to take 
the trouble to avoid accumulation of bacteria on the carcasses than to 
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attempt removal later by washing; which being common practice in many 
establishments (Notermans and Kampelmacher, 1975), probably spreads 
contamination (Empey and Scott, 1939) rather than aiding its control. 
In order to reduce the actual incidence of spoilage and spread of 
disease it is necessary to identify the origins of contamination. This 
requires an in depth study of the microflora of likely sources of 
infection. Once these sources are recognized, prevention of microbial 
spread could become an operational matter, requiring changes in animal 
handling and modification of processing methods. However, the sources 
(air, water, soil, animal feed, etc. ) and levels of contamination in 
the meat industry are diverse. Thus, from a practical viewpoint it 
would be an impossible task to avoid all contact between the 
undesirable flora and the meat products. Much of the surface of uncut 
meat is covered with a layer of fat and connective tissue upon which 
little or no bacterial growth occurs (Haines, 1933), so intact meat is 
relatively free of microbial contamination until cut. Thus, an 
alternative approach to controlling contamination is to avoid 
inoculation of freshly cut surfaces of meats during processing by 
preventing the build-up of biofilms on the working surfaces and 
equipment. Currently used sanitation techniques achieve this to some 
extent but 100% efficiency cannot always be guaranteed, especially in 
the presence of heavy soiling and when poor quality detergents are 
used. In such cases a more effective means of preventing biofilm 
formation would be to obtain a deeper understanding of the retention 
mechanisms of bacteria at the work surfaces, and the processes enabling 
organism transfer from one site to the next. This knowledge could than 
be used to provide conditions which allow only the limited development 
and transfer of relatively harmless organisms, while repressing 
pathogens or meat spoilers. 
An assessment of biofilm formation in this study using scanning 
electron microscopy (Section 3.3.3) has shown both attachment and 
entrapment (within meat fibres and crevices) to be responsible for 
retaining bacterial cells at surfaces. Other workers (Geesey and 
Costerton, 1979; Baker, 1984; Schwach and Zottola, 1984) also showed 
this to be the case, and similarly found it impossible to distinguish 
between organism attachment and entrapment, especially in the vicinity 
of meat debris (Plates 3.12 - 3.14). From a hygiene point of view both 
attached and entraped bacteria are potentially hazardous; both groups 
can colonize the meat or working area and can contaminate or 
recontaminate clean surfaces coming into contact. However, cell 
attachment appears a more prominent problem since in the case of 
entrapment the bacterial contamination can be reduced by physical or 
chemical removal of the entraping body, for example, by detergent 
cleaning or 'scrubbing'. Removal of bacteria attached directly to the 
surface of the substratum has proved more difficult (Kotula et al., 
1974; Notermans and Kampelmacher, 19i5; Emswiler et al., 1976; 
Notermans et al., 1980). In addition, entraped organisms can be 
inactivated by heat or disinfection treatment while those attached have 
been shown to be more resistant (Notermans and 'Kampelmacher, 1975a; 
Mead et al., 1975; Mulder, 1982; Ridgway and Olson, 1982; Humphreyi, 
et al., 1984). Failure of such approaches to the problem of cell 
adhesion highlights the importance of resolving its underlying 
mechanisms. 
The purpose of this particular study was two-fold. Firstly, to 
determine which physicochemical and biological factors had a measurable 
effect on the initial stages of attachment and which interfere with the 
establishment of firm adhesion, and secondly, to use this information 
for a better understanding of the adhesion and contamination 
mechanisms. The attachment capacities of five meat associated 
bacteria, Acinetobacter, Enterobacter, Moraxella, Pseudomonas and 
Staphylococcus, to a range of selected substrata were assessed. The 
major part of the analysis is orientated towards the genus'Pseudomonas 
as most investigators (Jay and Shelef, 1976; Dainty, 1983) agree that 
Pseudomonas spp constitute the single most predominant and important 
group of bacteria in the refrigerator spoilage of fresh meats. 
Both pH (Butler et al., 1979; Takakuwa et al., 1979; Abbott et al., 
1983; Stanley, 1983) and temperature (Stanley and Rose, 1967; Fletcher, 
1977; Orstavik, 1977; Butler 'et al., 1979,; Minato and Suto, 1979; 
Stone and Zottola, 1985) are known to affect cell adhesion, so it was 
decided to limit these parameters to values commonly associated with 
the meat production line; a temperature of 20°C and pH 6.5. As well as 
being the optimum growth temperature of psychrotophs (Aryes et al., 
1980), 20°C has also been shown to be optimal for bacterial adhesion to 
meats (Notermans and Kampelmacher, 1974; Firstenberg-Eden et al., 
1978). In addition, 20°C gives more reproducible results for ATP 
measurement and does not cause significant breakdown of bacterial ATP 
(Strange et al., 1961); both parameters being important to the 
efficiency of the enumeration technique (Section 5) employed in this 
study. Bacterial growth was restricted by suspending the cells in 
phosphate buffer. Under such conditions the viability and hence ATP 
content was unaffected for the duration (30h) of the experiments. 
Similar observations have been reported by Strange (Strange, 1961; 
Strange et al., 1963). If uncontrolled, factors such as growth would 
complicate the system; firstly changes in metabolic activity and 
motility-may arise as a function of cell age (Fletcher, 1977), 
secondly, the size and shape' may change during growth causing 
variations in the cell surface chemistry (Brown et al., '1977; Fletcher, 
1977), thirdly polymer production and secretion may be influenced by 
growth (Harris and Mitchell, 1973; Fletcher, 1977; Sutherland, 1977), 
and finally the cell population density would increase with time. 
Inevitably, the effects of cell growth on the adhesion mechanism would 
have to be assessed, but without first establishing the significance of 
cell concentration, surface charge, wettability, motility, cell shape, 
polymer production,, etc., such analysis would be of little value. 
Under the conditions specified it was found (Figure 6.1) that with an 
increase in time the number of cells attaching continue to rise until 
saturation of appropriate binding sites occurs. Using similar criteria 
other workers have shown cell concentration to be of significance under 
both static (Notermans and Kampelmacher, 1975a and b; Fletcher, 1977; 
Orstavik, 1977; McMeekin and Thomas, 1978; Butler et al., 1979) and 
dynamic (Duddridge et al., 1982) conditions. These results are only to 
be expected since increases- in both cell density and contact time will 
increase the probable number of bacterial collisions with the 
substratum, thereby providing a greater opportunity for attachment. 
Cell motility similarly increases the chance of a bacterium 
encountering a suitable substratum. As regards meat hygiene the 
adverse effects of contact time and cell concentration can be minimized 
by the introduction of a greater number of equipment 
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cleansing stages. (However, from a practical view-point, especially in 
a large establishment where throughput is high, disruption of work for 
additional cleansing would be uneconomical. 
From a purely physical stand point, bacteria in suspension resemble 
lyophobic colloids due to their small size, a density only slightly 
greater than that of water and their negatively-charged surfaces 
(Marshall, 1980). For this reason the DLVO-theory of lyophobic colloid 
stability (Derjaguin and Landau, 1941; Verwey and Overbeck, 1948) can 
often be applied to the study of bacterial attachment (Section 1.4.5). 
According to this theory low negative charges give rise to a reduced 
repulsive energy barrier (Corpe, 1970a), which in turn can be more 
easily overcome by the attractive forces operating when the two surface 
approach closer than a critical separation (Curtis, 1973),, thereby 
increasing the opportunity for attachment. This explains why the rate 
at which bacterial attachment occurs, decreases when the negative 
charge of the substratum increases and is increased when the surfaces 
become either less negatively or positively charged (Section 6.4). 
If bacterial attachment to'surfaces was simply a passive process caused 
by molecular adsorption then from the results obtained, it would 
theoretically be possible to prevent biofilm formation in situ by using 
materials with a high negative surface charge; here strong 
electrostatic repulsion forces established between the cells and the 
substratum would prevent initial contact and subsequently firm 
attachment. Of the range of materials currently in use, the stainless 
steel appears to meet with this criterion. The answer to the problem 
of cell adhesion, however, is not as simple as this would at first 
suggest, especially since in practice it is virtually impossible to 
segregate surface charge from other surface properties, such as 
wettability, which has also been shown to affect cell adhesion. 
Surface wettability, as opposed to surface charge, appears to play a 
more complex role in the bioadhesion mechanism. The present study 
illustrates that organisms are able to adhere to both hydrophilic and 
hydrophobic surfaces, although the mechanisms in each case differ 
(Fletcher and Marshall, 1982). Attachment of bacteria to hydrophilic 
surfaces occurs readily, whereas for hydrophobic surfaces it appears a 
time-dependent process (Section 7.4) involving polymer synthesis 
(Section 3.3.3). In addition, adhesion at the hydrophilic surface 
appears non-specific since not only did all the test organisms produce 
identical attachment profiles at the clean hydrophilic stainless steel 
surfaces (Figure 6.9), but also at the polyethylene 'II' surfaces 
rendered hydrophilic by meat-liquor treatment (Section 6.3.5). 
The findings of this study have revealed that although wettability of 
the system is important, it is the conditions under which adhesion 
occurs which dictates the final outcome. For example, when adhesion 
was allowed to proceed under static conditions (Section 6.2) the 
bacteria showed a preference for hydrophobic surfaces, whereas when 
dynamic conditions were applied (Section 7.2.3) a preference for 
hydrophilic surfaces was evident. These differences are attributable 
to two interacting factors; the dissimilar mechanisms of adhesion at 
hydrophilic and hydrophobic substrata combined with the fact that the 
retention time of bacteria at a surface in the quiescent system is much 
greater than that in the laminar flow (Nelson et al., 1985). Firm 
adhesion at the hydrophilic substrata occurs instantaneously and thus 
will not be greatly affected by the low residence time of the bacteria 
at a surface where dynamic conditions are applied. In contrast, very 
few organisms will be able to adhere to hydrophobic substrata under 
such conditions, because firm adhesion at these low energy surfaces is 
a time dependent process. 
It must be noted that a high attachment rate does not necessarily 
result in instantaneous, firm adhesion as evident from Chapter 7. 
Instead substrata which enable low levels of organisms to adhere give 
rise to rapid, firm adhesion. This is inevitable since the continued 
presence of any organisms adhering to a particular substratum in low 
numbers will be dependent upon its ability to remain attached. This 
closely resembles the adsorption of macromolecules from solution, where 
high energy and high polarity substrata adsorb macromolecules strongly 
while low energy, non-polar surfaces bind macromolecules less strongly 
although a thicker layer may develop (Baier, 1981). 
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None of the substrata tested in this study was smooth' at the 
microscopic level (Plates 3.7 - 3.8) and attachment under static 
conditions (Figure 6.10) correlated well with increasing surface 
roughness of the different substrata (Table 4.6). Speer and Gilmour 
(1985) have also shown similar trends using static conditions for 
attachment. Baker (1984) in addition found surface roughness to be 
more important in situ than physicochemical factors, such as 
electrostatic charge, in determining the kinetics of adhesion. It is 
possible that'-such surface irregularities act as anchor points for cell 
surface polymers. Under dynamic conditions surface roughness would 
provide shelter from shear, enabling a greater number of cells to be 
retained at the surface, however, from the results of this 
investigation (Section 7.3) this does not appear to be the case. In 
contrast to the results of Fowler and McKay (1980) generally higher 
shear forces were required for the removal of bacterial cells from the 
smooth stainless steel than from the rougher plastics (Table 7.3), 
suggesting that the mechanism' of retaining cells, as a result of 
factors other than roughness, was much more effective for the stainless 
steel than for the plastic. 
In practice,, meat juices will inevitably be present on the working 
surfaces and will alter surface properties and hence cell adhesion 
accordingly. It was found that while treatment of the test substrata 
with different meat (beef, pork and bacon) filtrates produced distinct 
changes in the physicochemistry of the system (Tables 4.1,4.2,4.3 and 
4.9), the corresponding attachment profiles were all similar 
(Section 6.3.5) Butler et al., (1979) have also shown there to be only 
minor differences in the attachment of bacteria to three different 
types of-meat; pork skin, beef and lamb muscle. In general, the meat 
constituents increased the hydrophilicity of the stainless steel and 
rendered the hydrophobic plastics hydrophilic., 
The overall results would suggest that under the static conditions 
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applied in the meat industry the stainless steel is the material of 
choice since its increased hydrophilicity by exposure to meat extracts 
would discourage bacterial attachment. In contrast, the plastic, 
polypropylene 'B' has greater potential for use under dynamic 
conditions where its hydrophobic nature, would deter organisms from 
adhering. However again, the answer to the biofouling problem is not 
as simple as this suggests. It appears that the ultimate interaction 
between the cell and the working surface is dependent upon the nature 
of the product being processed. For example, in the presence of 
beef-liquors all the organisms are relatively hydrophilic (Table 4.9) 
and thus adhere strongly to hydrophilic surfaces (as predicted by 
Rutter and Vincent, 1986). In contrast, the pork-liquor treated 
organisms were relatively hydrophobic (Table 4.9) resulting in stronger 
adhesion at hydrophobic surfaces, with the lower pH of the pork-liquors 
favouring such interactions. The situation is further complicated by 
the fact that although the wettability and surface charge of the 
bacteria and the substrata were investigated separately, in practise it 
is virtually impossible to segregate the two properties; they are 
closely interlinked and one has a profound effect on the value of the 
other, and thus need to be considered together. This effect appears 
particularly predominant in the context of polymer or ion adsorption 
from solution, where the affinity of a negatively charged surface for a 
particular polymer increases with increasing hydrophobicity of- that 
surface. 
It must be pointed out that any conclusions drawn so far are purely 
from a physicochemical viewpoint. The fact that attachment data has 
been known (Fletcher, 1977; Belas and Colwell, 1982; Ridgway et al., 
1984) to conform to the Langmuir type equation suggests that certain 
aspects of bacterial adhesion may be described by a mathematical model 
relating to physicochemical processes. However, other data has been 
shown (Harber et al., 1983; Belas and Colwell, 1982) not to conform to 
the Langmuir isotherms, stressing that biological phenomena are also 
important in determining the kinetics of adhesion in addition to or 
instead of physicochemical factors (Marshall, 1976,1980). Microbial 
cells of various - species exhibit remarkable differences in 
physiological activity, nutrient requirements, mode of multiplication, 
interior and exterior structures, response to stimuli, ability to 
migrate, metabolic products and choice of habitat. Is it then 
surprising that individual organisms show distinct attachment profiles. 
The retention and adhesive strength of bacteria at a surface appears 
particularly significant, since it will dictate the rate and level of 
organism transfer from one system to the next. It is this transfer of 
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organisms from place to place which will dictate the level of hygiene 
in the meat industry, since organisms unable to transfer will be unable 
to contaminate the contacting surfaces. During processing, meat fibres 
were seen to be deposited almost instantaneously onto the working 
surface and just as easily removed. Their ease of removal implies ease 
of transfer and makes then a potential hazard to newly' exposed meat 
surfaces. Therefore, to reduce transfer it is essential for routine 
cleansing to remove all the debris and its inherent and/or entraped 
(Thomas and McMeekin, 1981b) population of organisms. Ease of transfer 
is related to the bacterial species in question and to the nature of 
the substratum, as it is dependent upon the forces of attachment 
(Section 7). 
As the situation stands it is difficult to ascertain whether a 'surface 
where adhesive strength of the bacteria is low is more desirable as 
compared 'to the one where adhesive strength is high. Where adhesive 
strength is low (for example, the plastics), the organisms can be 
easily removed by detergent cleansing and biofilm formation is 
inhibited. However, this also means that the transfer rate during 
processing will also be high, thereby, resulting in an increased rate 
of inoculation of freshly exposed meat surfaces. In contrast, where 
adhesive strength is high (for example, stainless steel) transfer in 
the short term would be minimal, but since the strongly adhered 
population is more prone to survival and thick biofilms may form, the 
eventual transfer of bacterial cells is likely to be high 
(Firstenberg-Eden et al., 1978; Notermans et al., 1979; Trulear and 
Characklis, 1982). In addition, detergent cleansing only inactivates 
the cells adhered at stainless steel surfaces (Section 6.4) and does 
not necessarily aid their physical dislodgement (Section 7.4). Dead 
cells attached to surfaces are not important in situations where growth 
of bacteria is the problem, however, the dead cells still remaining 
attached after cleansing may provide an ideal basis for the formation 
of a new active biofilm (Stanley, 1983). The decision in choosing a 
suitable material for the manufacture of process-line equipment is thus 
complicated. A material which strongly binds bacteria during 
processing but which enables complete cell removal after detergent 
treatment would be ideal. However, for such a system to be effective 
not only would the properties of the substratum be significant but also 
those of the cleansing reagent. 
In the butchering establishment where the field work for this study was 
carried out, the equipment was cleaned and sanitized without 
dismantling, and employed a single-stage system using a 
fully-formulated sanitizer, 'Titan Quatdet SU 321'. Assays using 
'Titan Quatdet SU 321' have shown adhesion to decrease in the presence 
of the detergent under static conditions (Section 6.3.6), but increase 
when dynamic conditions are applied (Table 7.2 and 7.3). These 
contradictory results are attributable to the differing enumeration 
techniques employed in each analysis. 'Titan Quatdet SU 321' reduced 
the surface charge of the substrata and consequently gave rise to low 
repulsive energies and an increased opportunity for attachment. 
However, once in contact with the detergent film the cells were 
inactivated. Inactivated cells do not produced ATP and since the 
enumeration technique employed under static conditions was dependent on 
ATP concentrations, the subsequent low levels of ATP present implied 
low levels of attachment. In contrast the direct microscopy technique 
employed for enumeration purposes under dynamic conditions, is unable 
to distinguish between viable and non-viable cells and thus counted the 
total adhered population. When combined, the results from the two 
studies shows that although 'Titan Quatdet SU 321' inactivates the 
cells on contact it does not inhibit bacterial adhesion. 
'Titan Quatdet SU 321' has been specially formulated by the 
manufacturers to ensure that it is effective against Pseudomonas by 
incorporating a high level of both an organic sequestrant and a 
quaternary ammonium compound. Although it is active against 
Pseudomonas is suspension, its effectiveness against an attached 
population of Pseudomonas appears to be dependent upon the nature of 
the attachment surface. For example, the strength of adhesion 
(Table 7.3) of Pseudomonas cells at polyethylene 'II' surfaces was 
greatly reduced by the presence of the detergent, while at the 
stainless steel surface the adhesive strength was increased and at the 
polypropylene 'B' there was no obvious change. Humphries et al., 
(1987) Similarly found that ethoxylated surfactants had an 
anti-adhesive effect on hydrophobic but not hydrophilic surfaces. 
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At detergent treated stainless steel and polypropylene 'B' surfaces 
high shear forces are required for cell removal (Table 7.3). In 
contrast, the cells attached to the polyethylene 'II' substrata are 
easily removed by detergent cleansing. The fact that an adsorbed cell 
could readily desorb from the polyethylene 'II' substrata causes the 
cell to come into contact with the detergent many times over during its 
passage along the surface thereby resulting in rapid inactivation, as 
well as enabling a single detergent treated site to be active against 
many cells. In the case of stainless steel and polypropylene 'B' 
(Table 7.3) adsorbed cells are desorbed with difficulty because of the 
firm initial interaction, and so cells passing over the surface would 
not be able to come into contact with the detergent layer once the 
surface was covered with adsorbed cells and a continual inactivation of 
the cells would not be possible. 
If the cleansing procedure is not completely effective, then unless the 
detergent used continues to act, there is the danger of the surface 
becoming recontaminated. This could be ä problem when the plant is 
sanitized and then left for a period before use. This has far reaching 
consequences, especially since daily processing in the meat industry 
begins after an overnight period during which only the residual level 
of detergent in the water film acts to prevent contamination. 
A precautionary measure to counteract for detergent inadequacy in 
maintaining low contamination levels between production, would be to 
routinely wash all work surfaces before daily processing begins. 
To determine the full-potential of 'Titan Quatdet SU 321' further 
studies under field conditions are essential, especially in evaluating 
to what extent it effects cell wall integrity and polymer stability. 
It would also be useful to analyse a range of detergents with different 
physicochemical properties and modes of action. However, attention 
needs to be paid not only to the types of organisms that particular 
detergents are effective against but also to the nature of the surfaces 
that require cleansing. 
Currently, a number of surface sampling techniques are employed for 
determining the efficiency of detergent cleansing and the hygiene 
condition of the process-line. From the results obtained by Notermans 
et al., (1979; 1980), it appears that bacterial counts of surface 
contamination could be significantly different depending on the 
sampling methods used and are likely to be related to the association 
'between the cells and the substratum. 
From the results of this study there appears to be no direct 
correlation between the number of cells recovered, under both 
laboratory (Table 6.1) and field (Table 3.1 - 3.4) conditions and the 
corresponding strength of adhesion (Section 7.3). This would suggest 
that not only do the forces of attachment of bacteria differ at each 
substratum but also the mode of attachment, and it is the combined 
effects of these two parameters which is likely to dictate the level of 
cell removal or recovery. The level of contamination detected will 
therefore, vary with the nature of the surface, the nature of the 
product being processed and the type of organism, since each of these 
factors has been shown to affect the level and strength of cell 
adhesion. It is essential that bacterial detection be simple, 
efficient and reproducible, thus a deeper understanding of adhesion and 
adhesive strength will aid the evaluation of current methods and the 
development of more accurate surface sampling techniques. 
In summary, bacterial adhesion is affected by both the intrinsic 
properties of the attachment surface (Microtopography, surface charge 
and wettability) and the inherent properties of the organism. The 
results obtained show significant correlation between the degree of 
surface roughness and the number of bacteria attaching and reflect the 
increased attachment on positively charged or less negatively charged 
surfaces as opposed to surfaces with a high negative charge. Although 
wettability appears to have an effect on the rate and level of 
bacterial attachment, no simple relationship holds for all five of the 
organisms. The mode of attachment at hydrophilic surfaces differs from 
that at hydrophobic surfaces; firm, irreversible adhesion occurs 
rapidly at the former but is a time-dependent reversible process at the 
latter. In such cases the dynamics of the system are very important 
since they dictate the length of time the organisms are held at a 
surface. Under static conditions when the retention time is long, the 
final levels of adhesion are unaffected by the rate at which firm 
adhesion occurs, however under dynamic conditions when the retention 
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time is very short only those bacteria which can achieve firm adhesion 
quickly will be successful. Although physicochemical forces appear 
dominant at the clean and detergent treated surfaces, the same was not 
evident after treatment of the substrata with various meat-liquors. 
Under such` conditions the microtopography and conformational changes in 
cell surface structures appear more important. 
Age of the bacteria is a strong contributory factor in adhesion since 
it induces 'change in surface charge density, motility, surface 
polymers, polymer production and secretion. 
Overall, significantly higher forces are required to remove established 
biofilms than to seriously inhibit attachment in the first place, and 
emphasizes the potential value of taking measures to counteract 
biofouling at the earliest stages possible. The high negative charge 
and hydrophilic nature of stainless steel enables fewer organisms to 
attach under static conditions. These organisms, however, are 
difficult to remove as a consequence of strong adhesive forces. This 
suggests that while stainless steel is a suitable material for use in 
the meat' industry, greater attention must be paid to the cleansing 
procedures routinely employed. In addition to choosing a detergent 
which does not taint the food product and which has good antimicrobial 
activity, more emphasis must be placed on the chemical properties of 
the detergent and how it affects the physicochemical characteristics of 
the production line. 
The significance of the data obtained in the initial isolation stages 
(Section 3.3.1) to the attachment and transfer modes of different 
bacteria remains unclear. When the results indicate that the organisms 
isolated are present in large numbers and are only weakly adhered, then 
such isolates are likely to cause problems during processing because 
large numbers will be transferred from the working surface to that of 
the meat. If, however, the organisms isolated are those strongly bound 
and recovered only after application of high shear forces such as 
during swabbing, a' false picture emerges. Under such conditions the 
isolates are less likely to cause problems due to their low frequency 
of transfer. To answer these questions further analysis involving both 
mono - and multi-cellular layers is essential. 
From the many effects observed in this study, it is no wonder that the 
field of bioadhesion is full of inconsistency and controversy. Even 
when the same system using the same bacterial species was tested, but 
two different conditions (dynamic or static) for attachment were 
employed, different results were obtained. Imagine then how the use of 
different species, different substrata, different environments must 
affect the attachment profiles observed. No wonder a single 
comprehensive theory describing the diversity of adhesion mechanisms 
reported cannot be established. Thus, it would make more sense to 
initially reduce the number of organisms being studied and to attempt 
to standardize the experimental procedure, such as the techniques used 
for enumerating attached cells. Obviously, where a' particular 
manufacturing process is being studied it makes more sense'to use those 
organisms known to cause the fouling problem. But for fundamental 
studies of adhesion some rationalization is essential. 
8.1 FUTURE RESEARCH 
Evaluation of the cell-substratum interactions needs to be based on 
detailed knowledge of the chemistry and physics of the surfaces 
involved and the effects of the immediate environment on such 
parameters. Although, resolution of these criteria has been achieved 
to some extent in this study, further analysis is necessary to complete 
the picture. A number of further experiments are thus proposed for the 
next stage of the investigation. 
The experimental work to date has emphasized the importance of 
individual surface characteristics of bacteria in the adhesion 
mechanism, thus it appears essential to determine the various 
components making up the microstructure of the bacterial cell envelope 
and ultimately to determine which particular polymers are involved in 
the specific interactions taking place during attachment. Blocking of 
certain groups or side chains may prove useful in determining the 
particular components of the bacterial cell surface playing an active 
role in adhesion. For example carbodimides can be used to block 
carboxyl groups while bromide blocks hydroxyl groups and glutaraldehyde 
can be used for blocking amino groups. Unfortunately, antibiotics 
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cannot be used for resolving surface structures; because of their 
hydrophobic nature they tend to alter the physicochemical nature of the 
organism, which is undesirable. In addition, hydrophobic markers, for 
example labelled sphingomyelin, may prove of value in establishing the 
particular location of hydrophobic, moieties on, the cell surface, and 
whether_or not such regions are directly involved in adhesion. 
Comparative analysis of the adhesion capacities of metabolically active 
and inactive cells would be useful in determining whether metabolic 
activity was required for attachment to proceed or be firmly 
established, and whether this requirement varied according to the 
nature -of the organism and the corresponding substrata. Such 
variations would imply the presence of a number of different attachment 
modes or even mechanisms. Bacteriostatic antibiotics such as 
tetracycline, which interferes with RNA-synthesis, may be used to 
render the organisms metabolically inactive since these do not 
completely kill the organism nor do they cause damage to its structural 
components. - 
Once effects of metabolic activity are established, it may be of value 
to determine the influence of bacterial supernatants on the 
physicochemistry of the system and the corresponding level and strength 
of adhesion. In the system under test bacterial cells were thought to 
be metabolically active for the first 4-5 hours after suspension in 
phosphate buffer and resulted in high attachment rates within this time 
period until saturation of the binding sites was obtained. Evaluation 
of attachment using surfaces and bacteria pretreated with supernatants 
from different aged cultures may provide an explanation for the above 
observations. 
The significance of the data generated by this study concerning the 
level of organism isolation and transference still requires practical 
confirmation. It may be of value to investigate the transference mode 
directly. Having established the fact that clean working surfaces 
coming into contact with meats during processing are easily colonized 
by meat-associated bacteria, back inoculation of the meats from 
contaminated work surfaces should also be evaluated. This may be 
achieved by contaminating a known area of the substratum with a known 
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concentration of radio-active labelled organisms and subsequently 
determining the level of transfer to the meats and the level still 
remaining on the working surface. This may give an indication of how 
back inoculation, that is actual contamination during processing, is 
related to the different substrata, and the physicochemical and 
environmental parameters. 
In this study, it was noted that the detergent 'Titan Quatdet SU 321' 
currently used for cleansing meat processing equipment dramatically 
reduced the bacterial load of the processing surfaces by either 
disrupting the cells or by interference with the stability of any 
polymeric exudates produced. In many cases although the cells were 
found to be inactivated they were not physically removed. The effects 
of a layer of such 'dead' cells on the physicochemistry of the system 
and the corresponding attachment profiles need to be evaluated. This 
can be achieved by allowing a large number of cells to adhere to the 
substrata, followed by detergent washing and re-exposure of the 
'washed' substrata to a fresh bacterial suspension. The subsequent 
attachment profiles can be evaluated in context of the level of 
attachment and the strength of the adhesive bond. 
Having established that meat extract constituents affect the 
physicochemical properties and the subsequent adhesion, it is important 
to determine which particular components exhibit the greatest effects. 
It is probable that lipids and proteins play a significant role and not 
only the effects of various lipids and proteins on adhesion needs to be 
evaluated, but also the effects of different lipid : protein 
concentrations. Ideally, determination of which particular polymers 
adsorb and their specific orientation once adsorbed are necessary, but 
this cannot be achieved simply. 
Instead of delving into the complex and tedious techniques of protein 
or lipid extraction, purification and subsequent coating of potential 
attachment substrata, it may be of greater significance to initally 
evaluate the adsorption and influences using definitive techniques. 
For example, by making antibodies against the main proteins present in 
the extracts, labelling them with either a fluorescent dye (for 
epifluorescence microscopy) or with colloidal gold (for thin-section 
transmission electron microscopy), and then by exposing meat-liquor 
treated bacteria to such antibodies the specific adsorption sites of 
particular proteins on the organism membrane and substratum surface can 
be determined. In addition radio-active labelled protein maybe useful 
for determining the levels of proteins adsorbing and those remaining in 
solution by scintillation techniques. 
The experiments described in this investigation have employed simple, 
strictly controlled systems, and do not completely represent the field 
situation. In the field a mixed population of organisms is always 
present and the resultant level of contamination must be a consequence 
of attachment, detachment and competition. Thus attachment needs to be 
evaluated using mixed cultures of individually characterized organisms 
at various relative concentrations. Although the complexity of the 
system is increased it may provide some explanation for the complexity 
of the adhesion mechanism involved. However, it is hoped that 
knowledge gained from studies of simple systems, as applied in this 
study, will provide a useful starting point for a better understanding 
of biological adhesion. 
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2 HIGH DENSITY POLYETHYLENE 'II' (HIGH DENSITY PLASTICS LIMITED) 
Table 1: Physical Properties 
The data listed in the table below were determined on test specimens prepared from pressed sheet and film. Values based or 
individual tests, depending on the conditions under which the test specimens were prepared. may deviate from these typical 
values. 
PROPERTY UNITS TEST METHOD TEST SPECIMEN HOSTALEN 
CUR 
Density, Moulded g/cm 
3 DIN 53 479 Sheet 0.94 
Reduced specific viscosity dl/g ISO/R 1191 0.03% soln. In 23 
(viscosity number) measurement at 135 
0C decahydronsphtholone 
Melt index MFI 190/5 g/lO min DIN 53 735 powder <0.01 
MFI 190/15 g/10 min DIN 53 735 powder <0.1 
Yield value (ZST) N/cm internal test method figure-of-*ight 20-25 
shaped specimen 
Bulk density g/l DIN 53 468 powder 380-420 
Mechanical properties measured under standard climatic conditions of 23°C and 50Z RH 
Tensile Test 2 DIN 53 455; ISO/R 527 
Yield Stress N/mm ) 
(tensile strength) 2 ) straining rate Standard test piece 3 
Ultimate tensile strength N/mm ) 125 mm/mLn with dimensions In 
4: 1 ratio 
Break elongation % 
Yield stress at 1200 C NIMM 
2 
2 
Ultimate tensile NIMM internal test method 
strength at 12U C 
break elongation at 1200C % 
LimLtLng flexural stress N/mm 
2 DIN 53 452 standard small test bar 
Torsional stiffness at + 230C N/mm 
2 DIN 53 447 60 mm. 6.35mm. 2mm 
400C N/mm 2 DIN 53 447 60 mm. 6.35ow. 2 mm 
Bend creep modulus 2 
I min value N/mm bend creep test 120mm. 20mm. 6mm 
6 day value N/mm 
2 
-2 N/mm 
2 120mm. 20ma. 6mm 
Ball indentation hardness N/mm2 
30 sec value 
Shore hardness ll - 
Notched impact strength mJ/mm2 
Notched impact strength mJ/mm2 
(with V-notch) 
Tensile impact test at 23°C mjmm2 
at - 100°C mjmm2 
DIN 53 456 
test loading 135N 
DIN 53 505 
DIN 53 453 
internal test mehtod 
DIN 53 448 
DIN 53 448 
4 mm sheet 
standard small test par 
4 use sheet 
120mm. 15mm. 10mm 
standard test bar 
standard test bar 
Abrasion loss by the sand- mg 
slurry method i) 
internal test method 
(24 h at 1200 rpm, 
quartz sand of particle 
size 0.2 - 0.6 mm) 
76.2mm. 25.4mo. 
6.35mm 
22 
44 
630 
3.6 
25 
800 
27 
250 
370 
790 
220 
38 
no fa11ura 
64 tu b7 
,4 
"3, 
> 12U 
3000 
3000 
55 `; 
i) Berzen, J., Chemie-Technik 4 (1974), pp 129-134 
6t 
3i 
sd 
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PROPERTY UNIT TEST METHOD TEST SPECIMENT HOSTALEN 
CUR 
THERKAL PROPERTIES 
Dimensional stability under 
0C DIN 53 461; standard small test bar 95 
heat (Heat distortion temp) ISO R/75 method A 
Vicat Softening point VSP/B 0C DIN 53 460 (in air) 20mm. 20mm. 4mm 74 
Crystalline Melting range 0 C polarisation microtome section. 135-138 
microscope 20 uM 
Coefficient of linear expansion -1 K DIN 52 328 50mm. 4mm. 4ma 
4 2.10- 
Bet. 20 and 100 0C ASTH D 696 
Thermal Conductivity at 20 0C W/m. K DIN 52 612 8= sheet 0.42 
two sheet method 
Specific heat at 200C kJ/kg. K adiabatic calorimeter powder 1.84 
ELECTRICAL PROPERTIES. Measured Under Standard Climatic conditions of 200C and 452 RH 
Volume resistivity cm DIN 53 482; VDE 0303, 0.2 mis film >5.10 
16 
part 3 
Surface resistance DIN 53 482; VDE 0303, Imm, sheet >10 
13 
part 3 
Dielectric strength kv/cm DIN 53 481; VDE 0303, 0.2mm film 900 
part 2 
Dielectric constant - DIN 53 483, VDE 0303, 0.2 mm film 2.30 r 
at 2x 10 Hz part 4 
(Immersion method) 
Dielectric loss factor tan - DIN 53 483; VDE0303, 0.2= file 
Part 4 
at 50 Hz - 
10 
3 
Hz - 0.5.10-4 
10 4 Hz - 0.5.10-4 
10 5 Hz - 2.5.10-4 
Tracking resistance stage DIN 53 480; VDE 0303, Sheet 3= KA 3c, 
Part I KC>600 
Arc resistance stage DIN 53 484; VDE 0303 sheet L4 
part 5 120mm. 120mm. lOwn 
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PHYSICAL AND MECHANICAL PROPERTIES OF PROPYLEX SHEET 
Property Test M ethod Units Value 
ý -Nominal density ASTM 
1505-6UT Ibs/cu ft 56-57 
. 
gm/cm 
3 
0.90-0 . 91 
Tensile yield stress BS 2782-903 type C psi 4,000 
10 cm/min stra in rate kg/cm 
2 280 
ASTM D638-61T psi 4,200 
5cm/min strain rate kg/cm 
2 290 
Tensile modulus ASTM D638 psi 1.7 X 10 
5 
kg/cm 
2 1.2 X 10 
4 
Flexural strength ASTM D790-59T psi 4,800 
kg/cm 
2 340 
Flexural modulus ASTM D790-59T psi 1.5 a 10 
5 
kg/cm 
2 
1.1 X 10 
4 
Izod impact strength BS 2782-306 A (230C) ft. lb/in notch 9. U 
kg cm/cm 
2 30 
ASTM D256-56T (230C) ft. Ib/in notch 7.0 
kg cm/cm 
2 28 
Falling weight impact 
strength (230C) 2mm sample ft-lb 15 
m-k& 2.1 
Hardness ASTM D785-62 Rockwell R. 89 
ASTM D1706-61 Shore D 71 
399 
p7 
Property 
Linear Coefficient of Thermal 
expansion 
THERMAL PROPERTIES OF POLYPROPYLENE USED IN PROPYLEX SHEET 
Value Test Method Units 
ASTM D696-44 ( 20-60°C per °C 
( 60-100°C 
( 100-140°C 
10 * 10-5 
15 10 
2I a 10-5 
Heat distortion ASTH D648-56 66 psi'C 110 
temperature 264 psi 0C 60 
Brittle point ASTM D746-57T 
0 C -20 
Dýformation under load ASTH D621-59 (1000 psi) % 4 
Softening temperature BS 2782: 102D 
ISO/R306 0C 147-148 
Specific heat Cal/gM"C 0.46 
Limiting oxygen index ASTM D2863 0.174-0.160 
Calorific value Cal/ka 11000 
Thermal conductivity Cal/see ca 
20 
C/cm) 8.0-12.4 a 10-4 
Flash ingnition temperature C 0 cites 350 
Self Ingnition temperature 0C circa 38UO 
Burning rate (3mm thick) ASTM D635 mm/min 18-25 
Crystalline melting point 
0C 165-175 0 
Flammability (flame spread) BS 476 Part 7 1971 Class 4 
Propylex, in common vith many other plastic materials, may contribute to the spread of flamts In any tic*. and can giv, 
considerable quantities of black smoke when burning. 
600 ý 
.. 
"y 
;_ 
Appendix II 
The effects of different media tryptone soya broth, beef 
filtrate, pork filtrate, bacon filtrate, and phosphate buffer, on 
the growth of Acinetobacter, Enterobacter, Moraxella, Pseudomonas 
and Staphylococcus. 
t 
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APPENDIX III - PART 2 
Results of organism identification tests used in field sampling sessions I and II. 
AcInetobacter 
ActinobacLllus 
Actinomyces 
Aerococcus 
AlcalLgenes 
Bacillus 
Branhamella 
Bructlla 
Corynebacterium 
Corynebacteriuci hofmanni 
Corynebacterium xerosis 
Enterobacter 
Flavobacterium 
Gamella 
KarthL& 
LactobacLllus 
Listeria 
Micrococcus 
Moraxella 
Moraxella kingLL 
NeLsserLs 
NorcardLa 
PropLonLbacteria 
Proteus 
Pseudomonas 
Salmonella 
Serratia 
Staphylococcus 
Streptococcus 
Yeasts 
YeraLnia 
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08 
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(+) 
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s 
+ 
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R/S 
R 
+ 
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+ 
+ F 
I 
R 
- + 
+ + 0 
+ + F 
s 
s 
+ 
+ M 
+ 
+ 
F 
F 
L + + + 
Key L- Large cells 
R Rod shaped 
S Sphere shaped 
R/S - coccobacillus 
0- oxidative 
f- fermentative 
()- weak reaction 
/- Test not done 
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APPENDIX 4 Stainless steel AISI 304 
i 28-MAY-85 15: 50: 2® PEAT ID N1 
RATE: A8 CPS TIME ±00LSEC: 
00-40KEV : 20EV/CH PRST I00LSEC 
A: FI NK B: METAL 
FS= 5000 MEM: 8 FS= 5000 
104 102. 
11 
1 ,. -CURSOR . (KEY)=6.68 EDAX 
RIVERS ' OF SURREY LIBRIMM' I 
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